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NOTE BY THE AMERICAN EDITOR. 



My object in undertaking the revision of the Treatise 

on Optics by Dr. Brewster w.as, principally, to introduce 

an Appendix, containing such a discussion of the subjects 

of Reflexion and Refraction, as might adapt the work to 

'jse in those of our colleges in which considerable exten. 

sion is given to the course of Natural Philosophy. In 

this revision, I have thought it best, without specially 

calling the attention of the reader to them, to correct 

such errors as my comparatively limited knowledge of 

the subject assured me, would not have been passed 

over by the author in a second Edition. 

A. D. BACHE. 
Philadelphia^ Jan., 1833. 
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A TREATISE ON 0]?TICS. 



INTRODUCTION. 

(1). Opncs, from a Greek word which signifies to see, is 
that branch of knowledge which treats of the properties cf 
Ught and of vision^ as perfimned by the human e^. 

(2). Light is an emanation, or something which proceeds 
from bodies, and by means of which we are enabled to see 
them by the eye. All visible bodies may be divided into two 
classes — self-luminous and non4umin<ms. 

8elf4uminous bodies, such as the stars, flames of all kinds^ 
and bodies which shine by being heated or rubbed, are those 
which possess in themselves the property of discharging light 
Non-luminous bodies are those which have not the power of 
discharging light of themselves, but which throw back the 
light which fidls upon them from self>luminous bodies. One 
non-luminous body may receive light fh>m another non-lumi- 
nous body, and discharge it upon a third ; but in every case 
the light must originuly come from a self-luminous body. 
When a lighted candle is brought into a dark room, the form 
of the flame is seen by the light which proceeds fiom the 
flame itself; but the objects in the room are seen by the light 
which they receive from the candle, and again throw back ; 
while other objects, on which the light of the candle does not 
&llf receive light fh>m the white ceiling and walls, and thus 
become visible to the eye. 

(3). All bodies, whether self-luminous or non-luminous, dis- 
charge light of the same color with themselvea A red flame 
or a red-hot body discharges red li^ht; and a piece of red 
cloth discharges red ligh^ though it is illuminated by the 
white li^ht of the sun. 

(4J. Light is emitted from every visible point of a luminous 
or of an illuminated body, and in every direction in which the 
noint is visible. If we look at the flame of a candle, or at a 
fheet of white paper, and magnify them ever so much, we 
«i0aU not observe any points destitute of light 
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(5.) Light moves in straight lines, and consists of separate 
and independent parts, call^ rays of light If we idmit the 
light of tiie sun into a dark room through a small hnle, it will 
illuminate a spot on the wall exactly opposite to the sun, — the 
middle of the spot, the middle of the hole, and the middle of 
the sun, beiog all in the same straight line. If there is dust 
or smoke in the room, the progress of the light in straight 
lines will be distinctly seen. If we stop a very small portion 
of the admitted light, and allow the rest to pass, or if we stop 
nearly the whole Tight, and allow only the smallest portion to 
pass, the ^rt which parses is not in the slightest degree af- 
fected by its separation firom the rest The smallest portion 
of light which we^ can either step of allow to pass is called a 
ray of li^ht. 

(6). Light moves with e velocity of W2J500 miles in t^ 
second of time. It travels &PiQ tJie sun to the earth in seven 
minutes and a hal£ It moves through a space equal to the 
circuipf^reiio^ qf our glo^ in the 8th part of a second, n 
flight which the swi{tei£ bird could not perform in less than 
three weel^ 

e. When light fails upon any body whatever, part of it is 
ted or driven ho^k, a^d part of it enters the body, and is 
either lost withm it or transmitted liurough it When the 
body is bright and well ppli^ed like silver, a great part of the 
light is reflected, and ti)e remaiuder ^ost within the silver, 
which can transmit ligh( only when hammered out into the 
thinnest flliQ. When the body is transparent, like glass or 
tDoterj ahiiost all the light is transmitted, and only a small 
part of it reflected. The light which is driven back from 
bodies is reflected according to particular laws, the considera- 
tion of which forms that branch of optics called catoptrics; 
and the light which is transmitted through transparent bodies 
is transmitted according to particular laws, the consideration 
of which constitutes the subject of dioptrics. 
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PART I. 

ON THE RSFLEXION AND REFRACTION OF UOHT. 



CATOPTRICS. 



(8.) Catcwtrios is that branch of optics which tresis of 
^e pro^reas of rays of light after they are reflected from sur- 
faces either plane or curved, and of the formation of images 
from objects placed before such sur&ces. 

CHAP. I. 

REFLEXION BY SPECULA AND MIRRORS. 

(9.) Ant substance of a regular form employed for the puN 
pose of reflecting light, or of forming images of object^ is 
called a speculum or mirror. It is ffeneraflv made of metal 
or glass, having a highly polished sur&ce. The name of mir- 
ror is commoidy given to reflectors that are made of glass; 
and the glass is always quicksilvered on the back, to make it 
reflect more light The word specuhtm is used to describe a 
reflector which is metallic, such as those made of silver, steel, 
or of grain tin mixed with copper. 

(10.) Specula or mirrors are either pkmef coneavef or 
eonvex, 

A plane speculum is one which is perfectly flat, like a look* 
mg-glass ; a concave speculum is one which is hoUow like the 
inside of a watch-glass ; and a convex speculum is one whica 
is round like the outside of a watch-glass. 

As the light which fidls upon fflass mirrors is intercepted 
by the glass before it is reflected &om the quickwEdlvered sur- 
face, we i^U suppose all our mirrors to be formed of potished 
metal, as they are in almost all optical instruments. 
(11.) When a ray of light, A i>$Jig. l.> Ms upon a plane 
^ J speculum, M N, at the point D, it wif 

be reflected or driven back in a direction 
. D B, which is as much inclined to £ D 
a line perpendicular to M N, as the ra^ 
A D was;, that is, the angle B D E is 
equal to A D £, or the circular arc B E 
^ is equal to E A 
B 
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The ray A D is called the incident ray, and D B the re- 
flected ray, A D £ the angle of incidence, and B D £ the 
angle of rejleocion ; and a plane passing through A D and 
D B, or the plane in which these two lines lie, is called the 
plane of incidenee, or the pUine of reflexkm. 

(12.) When the speculum is concave, as M N,Jig, 2., then 

- if C be the centre of the circle of 

which M N is a part, the incident ray 

A D and tlie reflected ray D B will 

fi>rm equal angles with the line C D, 

which is jjerpendicular to the small 

Vjf portion of the speculum on which the 

ray falls at D. Hence in this case also 

the angle of incidence A D £ is equal 

to the angle of reflexion B D E. 

(13.) When the speculum is convex, as M N,^^-. 3., let C 

be the centre of the circle of which M N 

forms a part, and C £ a line drawn 

^ — p-^^ through D ; then the angle of incidence 

-r/"^ ^\f^ A D E will be equal to the angle of re- 

/\ y\ flexi<Mi B D E. 

/ ^\ /^ \ These results are found to be true by 
Ijjjfl^ ^"^W experiment; and they may be easily 
jl^r^ ^^WT proved by admitting a ray of the sun s 

light through a hole in the windownshut- 
ter, and making it fidl on the mirrors 
M N in the direction A D, when it will 
be seen reflected in the direction D R 
f f the incident ray A D is made to approach the perpendicular 
D £, the reflected ray D B will also approach the perpendicu- 
lar £) E ; and when the ray A D ^Is in tiie direction E B, it 
will be reflected in the direction D E. In like manner 
when the ray A D approaches to D N, the ray D B will ap- 
proach to D M. 

(14.) As these results are troe tinder all circnmstances, we 
may consider It as a general law, that when Ugkt falls upon 
any surfaoe, whether plane or curved, the angle of its refleX'* 
ion is equal to the angle of its incidence. 

Hence we have a method of universal application for find- 
ing the direction of a reflected ray when we know the direc- 
tion of the incident ray. If A D, for example,,/^*. 1, 2, 3., 
is the direction in which the incident ray fetls upon the mirror 
at D, draw the perpendicular D E infg. 1., and in fg. 2 or 
fig. 3. draw a line from D to C, the centre of the curved sur- 
&ce M N ; and, having described a circle M B E A N round 
D as a centre, take the distance A E in the compasses and 
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carry it fix^tn E to B, and having drawn a line &om D to B^ D B 
will be tiie direction of the reflected ray. 



Refle^ewH qf Rmfsfrom Fhme Mirror$, 

(15.) R^xion qfpardUel rays. When parallel or equidis- 
tant rays, A D, A^ t^'ifig* 4» are incident upon a plane mir- 




roT, M N, they will continue to be parallel after reflexion. By 
the method already explained^ describe arches of circles round 
D, D' as centres, and make the arch from E towards B equal 
to that between A D and D E, and also the arch from E' to- 
wards B' equal to that between A' D' and D' E' ; then drawing 
the lines D B, D' B', it will be found that these lines are par- 
allel If the space between A D and A' D' is filled with other 
rays parallel to A D, so as to constitute a {>arallel beam or 
mass of light, A A' ]> D, the reflected rays will be all parallel 
to B D, and will constitute a parallel reflected beam. The 
reflected beam, however, will be inverted ; for the side A D, 
which was uppermost be&re refleidon, will be undermost, as 
at D B, after reflexion. 

(16.) Refleadon of diverging rays. Diverging rays are 
those which proceed from a point, A, and separate as they ad- 
vance» like A.D, A D', A D". When such rays fall upon a 
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plane mirror M N,^^. 5., they will be reflected in directions 
1) B, D' B', D" B", making the angles B D E, B' I^ E', 
B" D" E" respectively, eqiud to A D E, A D' E', A D" E" ; 
the lines D E, D' E,' D" E" being drawn from the points 
D, D', D", where the rays are incident, perpendicular to M N ; 
and by ccmtinuing the reflected rays backwards, they will be 
found to meet at a point A' as fiir lehind the mirror M N as 
A is before it ; that is, if A N A' be drawn perpendicular to 
M N, A' N will be equal to A N. Hence the rays will have 
the same divergency after reflexion as they iiad before it If 
we consider A D" D as a divergent beam of light included 
between A D and A D", then the reflected b^im included 
between D B and D" B" wHl diverge from A', and will be in- 
verted after reflexion. 

(17.) Reflexion of converging rays. Converging rays 
are those which proceed from several points A A' A", Jig, 6., 
towards <Mie point R When such rays fell upon a plane 




mirror, M N, they will be reflected in directions D B', IV B*, 
D" B', forming the same angles with the perpendiculars D £^ 
D' E', D" E", as the incident rays did, and conver^^ to a point 
B' as far before the mirror as the point B is behmd it If we 
consider A D D" A" as a converging beam of light, D" B' D 
will be its form after reflexion. 

In all these cases the reflexion does nothing more than 
invert the incident beam of light, and shift its point of diver- 
gence or convergence to the opposite side of the mirror. 



Reflexion of Rays from Concave Mirrors, 

(18.) ReJUofion of parallel rays. Let M N, fg, 7., be a 
concave mirror whose centre of concavity is C ; and let A D, 
AM, A N be parallel rays, or a parallel beam of light Ming 
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upon it, at and near to the vertex D. Then, since C M, C N 
are perpendicular to the sur&ce of the mirror at the points M 
and N, C M A, C N A will be the angles of incidence of the 
rays A M, A N. Make the angles of reflexion C M F, C N P 
equal to C M A, C N A, and it will be found that the lines 
M P, N F meet at P in the line A D, and these lines M F, 
N F will be the reflected rays. The ray A C D being per- 
pendicular to the mirror at D, because it passes through the 

Fig. 7. 




^^ 



;>«- 



^g^ 



centre C| will be reflected in an o]^)08lte direction D F ; so 
that all the three rays, A M, A D, and A N, will meet at one 
point, P. In like manner it will be fbasxd that all other ntys 
between A M and A N, falling upon other points of the mirror 
between M and N, will be reflected to the same point P. The 
point F, in which a concave mirror collects the rays which fall 
upon it, is called the/ocus, at fire-place, because the rays thus 
collected have the power of burning any inflammable body 
placed there. When the rays which the mirror collects are 
parallel, as in the present case, the point F is called its prin- 
cipidfocusj or iXs focus for parallel rays. When we consider 
that the rays which form the beam A M N A occupy a large 
space before they fall upon the mirror M N, and by reflexion 
are condensed upon a small space at P, it is easy to understand 
how they have the power of burning bodies placed at P. 

RviiE. — ^The distance of the focus P from the nearest point 
or vertex D of the mirror M N is in spherical mirrors, what- 
ever be their substance, equal to one half of C D, the radius 
of the mirror's concavity. The distance P D is called the 
principal focal distance of the mirror. The truth of this rule 
may be found by projecting Jig, 7. upon a large scale, and by 
taking the points M N neac to D. # 

(19.) Rejlexion of diverging rays. Let M N, fig, 8., 
be a concave mirror, whose centre of concavity is C; 
and let rays A M, A D, A N, diverging or radiatmg fifom 
the point A, fell upon tiie mirror at the points, M, D, N, 
and be reflected from these points; M and N bemg near 
to D. The lines C M, C D, and C N being perpendicu- 
lar to the mimn* at the points M, D, and N, we shall find 
B2 
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the reflected rays M P, N P, by making the KOgle P M C 
eqoaltoAMC, andPNCequaltoANC; and the point F 
mere these rays meet will be the focus where the diverging 
rays A M, A N are collected. By comparing fo. 7. with^^. 
8. it is obvious that, as the incident ny A M in.w« B. is nearer 
the perpendicular C M than the same ray is in^. 7., the re- 
flected ray M F will also be nearer the perpendicular C M 
than the same ray in^. 7. ; and as the same is true c€ the 
reflected ray N F, it follows that the point F mast be nearer 
C iaf^, 8. than in jj^. 7. ; that is, in the reflezioo of diverg- 
ing rays the focal distance D F of the mirror is greater than 
its focal distance for parallel rajrsi 

If we suppose the point of divergence A, Jig. 8., or the 
radiant poini, as it is called, to approach to C, the incident 
rays A M, A N will approach to the perpendiculara C M, C N, 
and consequently the reflected rays M F, N F will also ap- 
proach to C M, u N; that is, as the radiant point A approaches 
to the centre of concavity C, the focus F also appcoaches to 
it, 90 that when A reaches C, F will also reach C ; that is, 
when rays diverge from the centre, C, of a concave mirror, 
they will all be reflected to the same point 

If the radiant point A passes C towards D, then the focus F 
will pass C towards A; so that if the light now diverges from 
F it will be collected in A, the points Uiat were formerly the 
radiant points being now the foci. From this relation, or in- 
terchange, between the reuiiant points and the foci, the points 
A and F have been called conjugate foci, because if either 
of them be the radiant point the other will be the focal point 

If in j^^. 7. we suppose F to be the radiant point, then the 
focal point A will be at an infinite distance ; tluit is, the rays 
will never meet in a focus, but will be parallel, like M A, N A 
m^^.7. 

In like manner it is obvious, that if the point F is aXf, as in 
fig. 9., the reflected rays will be Ma, Na; that is, they will 
diverge from some point. A', behind the mirror M N ; and 9m 
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/approaches to D, they will diverge more and more, as if the 
point A', ftom which they seem to divergfe, approached to 
D. The point A' behind the mirror, from which the rays Mo, 
N a seem to proceed, or at which they would meet if they 
moved backwards in the directions a M, a N is called tibeir 
virtiudfocugf because they only tend to meet in that focus. 

In all these cases the distance of the focus F may be deter- 
mined either by projection or by the following rule, the radius 
of the concavity of the mirror, C D, and the distance, A D, 
of the radiant point, being given. 

RvuB. Multiply the distance, A D, of the radiant point from 
the mirror bv tne radius, C D, of the mirror, and divide this 
product b^ the difference between twice the distance of tiie 
radiant point and the radius of the mirror, and the quotient 
will be P D, the conjugate focal distance required. 

In applying this rule we must observe, what will be readily 
seen from the figures, that if twice A D is less than C D (as 
fit/, Jig. 9.), the rays will not meet before the mirror, but will 
have a virtual focus behind it, the distance of which from D 
will be given by the rule. 

(20.) Reflexion of converging rays. Let M N,Jig. 10., be 
a concave mirror whose centre of concavity is C, and let rays 
A M, A D, A N, converging to a point A' behind the mirror, fell 
upon the mirror at the points M, D, and N, and suffer reflexion 
at these points ; M and N being near to D. The lines C M, C D, 
and C N being perpendicular to the mirrdt at the points M, D, 
and N, we shall find the reflected rays M F and N F by making 
the angle F M C equal to A M C, and F N C equal to A N C : 
and the point F, where these rays meet, will be 4ie focus where 
the converging rays A M, A N are collected. By comparing 
J^. 10. witii^i". 7. it will be manifest, that, as the incident ray 
A M in fig. 10. is ferther from the perpendicular C M than 
the same ray A M in^^. 7., the reflected ray M F in^^. 10 
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will also be &xther from the perpendicular C M than the same 
ray in Jig. 7. ; and as the same is true of the reflected ray N F, 
it follows that the point F must be farther from C in^^. 10. 
than in fig, 7. ; that is, in the reflexion of converging raj^s, 
the conjugate focal distance D F of the mirror is less than its 
distance for parallel rays. 

If we suppose the point of convergence A', fig, 10., to ap- 
proach to D, or the rays A M, A N to become more conyer- 
gent, then the incident rays A M, A N will recede from the 
perpendiculars CM, C N ; and as the reflected rays M F, 
N F will also recede from C M, C N, the focus F will like- 
wise approach to D; and when A' reaches D, F will also 
reach D. 

If the rays A M, A N become less convergent, that is, if 
'their point of convergence A' recedes ferther from D to the 
left, the focus F will recede from D to the right ; and when 
A' is infinitely distant, or when A M, A N are parallel, «s in 
fig, 7., F will be half-way between D and C. 

In these cases the place of the focus F will be found by the 
following rule. 

RuLB. Multiply the distance of the point of convergence 
from the mirror by the radius of the mirror, and divide this 
product by the sum of twice the distance of the radiant point 
and the radius C B, and the quotient will be the distance g£ 
the focus, or F D, the focus F being always in front of the 
mirror. 

Reflexion of Rays from Convex Mirrors, 

(21.) Reflexion of parallel rays. Let M N, fig, 11., be a 
COTivex mirror whose centre is C, and let A M, A 1), A N be 
parallel rays iailing upon it. Continue the lines C M and C N 
to E, and M E, N E will be perpendicular to the surfiice of 
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the minor at the points M and N. The rays A M» A N will 
therefore be reflected in directions M B^ N B, the angles of 
reflexion E M B, £ N B being equal to the angiles of incidence 
E M A, £ N A. By continuing the reflected rays B M, B N 
backwards, they will be found to meet at F, their yirtual focus 
behind the mirror; and the focal distance DFfor parallel rays 




will be almost exactly one half of the radius of convexity 
C D, provided the points M and N are taken near IX 

(22.) Reflexion of dwerging rays. Let M N,^. 152., be a 
convex mirror^ C its centre of omvexity, and A M, AN rays 




diverging from Ay which ftll upon the mirror at the pointt 
M, N. The lines CMEandUNEwillbe, as before, per. 
pendicular to the mirror at M and N ; and consequentiy, if 
we make the angles of reflexion £ M B, £ N B equal to the 
angles of incidence £MA, ENA,MB,NB will be the re- 
flected rays which, when continued backwards, will meet at 
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F» their virtnal focus behind the mirror. By ccMnporing JSJ^. 
12. with Jig. 11., it is obvious that the ray A M, Jig, 12., is 
&rther from M £ than in ^. 11., and consequently the re- 
flected ray M B must aJso be &xther &om it Hence, as the 
same is true of the ray N B, the prant F, where these rays 
meet, must be nearer to D in J^. 12. than in J^. 11. ; that m, 
in the reflexion of diverging rays, the virtual focal distance 
D F is less than for pandlel rays. 

For the same reason, if we suppose the point of diveigence 
A to approach the mirror, the virtcud focus F will also approach 
it ; and when A arrives 8t D, F will also arrive at D. Li like 
manner, if A recedes from the mirror, F will recede from it; 
and when A is infinitely distant, or when the ra3rs become 
parallel, as in^^. 11., F will be half-way between D and C. In 
all these cases, the focus is a virtual one bdiind the muror.* 



CHAP. XL 

IMAGES SOBM£D BY MIRRORS. 

(23.) The image of any object is a picture of it formed 
either in the air, or in the bottom of the eye, or upon a white 
ground, such as a sheet ot paper. Images are generally foim* 
ed b^ mirrors or lenses; though they may be formed also by 
placmg a screen, with a smaU aperture, between the object 
and the sheet of paper which is to receive the image. In 
order to understand this, let C D be a screen or windowrshut- 




ter with a small aperture, A, and £ F a sheet of white paper 
placed in a dark room. Then, if an illuminated object, RGB, 
is placed on the outside of the shutter, we shall observe an in- 
verted image of this object painted on the paper at r ^ ft. In 
order to understand ■ how this takes place, let us suppose the 
object R B to have three distinct colors, red at R, green at G, 
and blue at B; then it is plain that the red light from R will 
'I II ■ 'I .1111 I , II 

* For a discussion of tbe subjeas in this chapter, see (is the College Gdi 
lion) the Appendix of American Editor, Chapter I. 
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pass in strai^t lines through the aperture A» and Ml upon 
the paper E F at r. In like manner the green liffht from G 
will fall upon the paper at g, and the &{tce light from B wiU 
fall upon the paper at 5 ; thus painting upon the paper an ia- 
verted image, r6, of the ohject, R K As every colored point 
ipi the object R B has a colored point corresponding to it, and 
opposite to it on the paper E F, the iixMige 6 r will be an ac- 
curate picture of ^ object R B, provided the aperture A is 
very small. But if we increase ^e aperture, the image will 
become less distinct; and it will be nearly obliterated when 
the aperture is large. The reason of this is, that, with a 
large aperture, two adjacent points of the object wiU throw 
their light on the same point of the paper, and thus create 
confusioH HI the image. 

It is obvious from^. 13., that the size of the ima^fe b r will 
increase with the distance of the paper E F behind tlie hole 
A. If A ^ is equal to A G, the unage will be equal to the 
object; if A^ is less than A G, the image will be less than 
the object; and if A ^ is greater than AG, the image will 
be greater tlian the o^ect. 

As each point of an object throws out rays in all directions, 
it is manifest that those only which fall upon the small aper^ 
ture at A concur in forming the ima^e br; and as the num- 
ber of these rays is very small, the image b r must have very 
little light, ana therefore cannot be used for any optical pur- 
poses. This evil is completely remedied in the formation of 
images by mirrors and lenses. 

(&.) Formation of images by concave mirroTS, Let A B» 

■. 14., be a concave mirror whose centre is C, and let M N 
an object placed at some distance before it Of all the 

tig. 14. 




rays emitted in every direction by the point M, the mirror re- 
ceives only those which lie between M A and M B, or a cone 
of rays MA B whose base is the spherical mirror, the section 
of whicn is A B. If we draw the reflected rays A m, B m, 
for all the incident rays M A, M B, by the methods already 
described, we shall find that they will all meet at the point »», 
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and will there paint the extremity M of the object In like 
manner, the cone of rays NAB flowing fixnn the other ex- 
tremity N of the object will be reflectwl to a focus at n, and 
will there paint that point of the object For the same reason, 
cones of rays flowing from intermediate points between M 
and N will be reflected to intermediate points in the ima^ 
between m and n, and m n will be an exact inverted picture 
uf the object M N. It will also be very bright, because a 
great number of rays concur in forming each point of the 
imaffe. The distance of the ima^ from the mirror is found 
by the same rule which we have given for finding the focus of 
diverging ra5rs, the points M, m in Jig, 14. corresponding with 
A and P in fig, 8. 

If we measure the relative sizes of the object M N and its 
image m n, we ^all find that in every case the size of the 
image is to the size of the object as the distance of the image 
from the mirror is to the distance of the object from it 

If the concave mirror A B is large, and if the object M N 
fa very brigh^ such as a plaster of Faris statue strongly illu- 
minated, the image m n will appear suspended in the air ; and 
a series of instructive experiments may be made by varying 
the distance of the object, and observing the variation in the 
size and place of the image. When Sie object is placed at 
m n, a magnified representation of it will be farmed at M N. 
(25.) FormtUion of images by convex mirrors. In concave 
mirrors there is, in all cases, a real ima^e of the object formed 
in front of the mirror, excepting when me object is placed be- 
tween the principal focus and the mirror, m which case it 
gives a virtual imsjge formed behind it ; whereas in convex 
mirrors the image is always a virtual one farmed behind the 
mirror. 
Let A Bjfig, 15., be a convex mirror whose centre is C, and 
Fig. 15. M N an object placed before it ; and let 

the eye of the observer be situated any- 
where in front of the mirror, as at E. 
Out of the ^eat number of rays which 
are emitted in every direction from the 
points M, N of the object, and are sub- 
sequently reflected from the mirror, a 
few only can enter the eye at E. Thoae 
which do enter the eye, such as I) E, 
P E and G E, H E, will be reflected 
from the portions D P, G H of the mir- 
ror so situated with respect to the eye 
and the points M, N that tlie angles of incidence and reflexion 
will be equal. The ray M D will be reflected in a direction 
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D £, foroiing the same angle that M D does with liie perpen- 
dioular C N, and the ray Pf G in the directum G E. In like 
manner, F £, H £ will be the reflected raye corranoiiding to 
the incident ones M F, N H, Now, if we continue backwards 
the rays D £, F £, they will meet at m ; and they will there> 
fore appear to the eye to have come from the point m as their 
focus. For the same reason the rays G £, H £ will appear to 
come from the point n as their ^us, and m n will be the vir- 
tual image of the object M N. It is called vurtual because it 
is not formed by the actual union of rays in a focuG^ and cannot 
be received upon paper. If the eye E is placed in any other 
position before the mirror, and if rays are drawn from M and 
W, which after reflexion enter the eye, it will be found that 
these rays continued backwards will have their virtual foci at 
m and n. Hence, in every position of the eye before the mir- 
ror, the image will be seen in the same spot mn. If we draw 
the lines C M, C N from the centre of the mirror, we shall 
find that the points m, n are always in these lines. Hence it 
is obvious that the image m n is always erect, and less than 
the object It will approach to the mirror as the object M N 
approaches to it, and it will recede from it as M N recedes ; 
and when M N is infinitel)r distant, and the rays which it 
emits become parallel, the image m n will be half-way be* 
tween C and the mirror. In other positions of the object the 
distance of the image will be found by the rule already given 
for diverging rays mlling upon convex mirrors. The size of 
the image is to the size of the object, as C m, the distance of 
the imagre from the centre of the mirror, is to C M, the dis- 
tance of the object In approaching the mirror, the image 
and object approach to equality ; and when th^ touch it, they 
are both of the same size. Hence it follows that objects are 
always seen diminished in c<Hivex mirrars^ unless when they 
actually touch the mirror. 
(26.) FoTTnatum of images by plane mirrors. Let A 13^ 
Fig. 16. Jiff, 16., be a plane mirror or looking-glass, 

fM N an object situated before it, and B 
the place of the eye ; then, upcm the very 
same prir»ciples which we have explained 
for a convex mirror, it will be found that 
an image of M N will be formed at m w, 
the virtual foci m, n being determined by 
continuing back the reflected rays D £, 
F E till they meet at m, and 6 E, B B tiU 
they meet at n. If we join the points 
M, m and N, n, the lines M m, I^ n will 
C 
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be perpendicular to the mirror A B, and consequently parallel ; 
and the image will be at the same distance, and have the same 
position behind the mirror that the object has before it Hence 
we see the reason why the images of all objects seen in a 
looking-glass have the same form and distance as the objects 
themselves.* 
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(27.) Dioptrics is that branch of optics which treats of the 
progress of those rays of light which enter transparent bodies 
and are transmitted through their substance. 

CHAP. UL 

REFRACTION. 

(28.) When light passes through a drop of water or a piece 
of glass, it obviously suffers some change in its direction, be- 
cause it does not illuminate a piece of paper placed behind 
these bodies in the same manner as it did before they were 
placed in its way. These bodies have therefore exercised 
some action, or produced some change upon the light, during 
its progress through them. 

In order to discover the nature of this change, let A B C D 
fig. 17. be an empty vessel, having a hole , 

^^ H in one of its sides B D, and let a 
lighted candle S be placed within a 
few feet of it, so that a ray of its 
light S H may fall upon the bottom 
C D of the vessel, and form a round 
spot of light at a. The beam of 
light S H R a will be a straight 
line. Having marked the point a which the ray from S 
strikes, pour water into the vessel till it rises to the level E F. 
As soon as the surface of the water has become smooth, it will 
be seen that the round spot which was formerly at o is now 
at 6, and that the ray S H R 6 is bent at R ; H R and R b 
being two straight lines meeting at R, a point in the surface 
of the water. Hence it follows, that all objects seen under 
water are not seen in their true direction by a person whose 
eye is not immersed in the water. If a fish, for example, is 
lying at byjlg. 17., it will be seen by an eye at S in the direc- 
tion S a, the direction of the refracted ray R S ; so that, in 

* For the formation of images by mirrors, see (in the College edition) the 
Appendix of Am. ed. chap. ii. 




CHAP. III. HEFBACnON. 27 

order to shoot it with a ball, we must direct the gun to a 
point nearer us than the point a. For the same reason, every 
point of an object under water appears in a place diflerent 
from its true place ; and the difference between the real and 
apparent place of any point of an object increases with its 
depth beneath the surface, and with the obliquity of the rav 
R S by which it is seen. A straight stick, one half of which 
is immersed in water, will therefore appear crooked or bent 
into an angle at the point where it enters the water. A 
straight rod S R a, for example, will appear bent like S R 6; 
and a rod bent will, for a like reason, appear straight. This 
effect must have been often observed in the case of an oar 
dipping into transparent water. 

If in place of water we use alcohol, oil, or glass, the sur- 
faces of all these bodies coinciding with the line EF, we shall 
find that they all have the power of bending the ray of light 
S R at the point R ; the alcohol bending it more than the 
water, the oil more than the alcohol, and Sie glass more than 
the oil In the case of glass, the ray would i^ bent into the 
direction R c. The jwwer which thus bends or changes the 
direction of a ray of light is called refraction, — a name de- 
rived from a Latin word, signifying breaking back, — ^because 
the ray S R a is broken at R, and t£e water is said to refract, 
OT break the ray, at R Hence we may conclude that if a 
ray of light, passing through air, falls in an oblique or slanting 
direction on the suHace of solid or fluid bodies that are trans- 
parent, it will be refracted towards a line, M N, perpendicular 
to the surface E F at the point R, where the ray enters it ; 
and that the quantity of this refraction, or the angle a R 6, 
varies with the nature of the body. The power by which 
bodies produce this effect is called d[ieir refractive power, and 
bodies that produce it in different degrees are said to have 
different refractive powers. 

Let the vessel A B C D be now emptied, and let a bright 
object, such as a sixpence, be cemented on the bottom of it at 
o. If the observer places himself a few feet from the vessel, 
he will find a position where he will see the sixpence at a 
through the hole H. If water be now poured into the vessel 
up to E F, the observer will no longer see the sixpence ; but 
if another sixpence is placed at a, and is moved towards h, it 
will become visible when it reaches 6. Now, as the ray from 
the sixpence at h reaches the eye, it must come out of the 
water at a poiut, R, in the surface, found by drawing a straight 
line, SHR, through the eye and the hole H; and conse- 
quently h R must be the direction of the ray, which makes 
die sixpence visible, before its refraction at R. But if this 
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nj had moved onwards in m stni^t line, withont bem|^ re* 
firacted at R, its path woold have teen bh; whereas, in con- 
sequence of .the refractioD, its path is R H. Hence it fol]ow% 
that when a ray of light, paasiiijir through any dense medimn, 
such as water, du^, in a direction oblique or slanting to its 
surface, quits the medium at any point, and enters a rarer 
medium, such as air, it is refracted from the line perpendici:h 
iar to ttie surlaoe at the point where it quits it. 

When the ray S H R from the candle falls, or is incident 
upon the sorfkce E F <^ the water, and is refiiicted in the di* 
rection R 6, towards the perpendicular M N, the angle M R H 
which it makes with the peipendicular, is called the angle of 
incidence ; and the angle N R 6, which the ray Rd tent or 
refracted at R makes with the same perpendicular, is called 
the angle of refraction. The ray H R is called the incident 
rav, and R 6 the refracted ray. But when the light comes 
out of the water from the sixpence at 6, and is refracted at R 
in the direction R H, 6 R is the incident ray and R H the 
refracted ray. The angle N R 6 is the angle of incidence^ 
and M R H the angle of refraction. 

Hence it follows, that when light passes out of a rarer into 
a denser medium, as from air to water , the angle of incidence 
is greater than the angle of refraction ; and when light 
passes out of a denser into a rarer medium, as out of water into 
air, the angle of incidence is less than the angle of refrac^ 
ti&n: and these angles are so related to one another, that 
when the ray which was refracted in the one case becomes 
the incident ray, what was formerly the incident ray becomes 
the refracted ray. 
(29.) In order to discover the law, or rule, according to 
which the rays of light enter or quit 
water, or other refrwjting media, so 
that we may be able to determine the 
refracted ray when we know the di- 
rection of the incident ray, describe a 
circle M N upon a square board 
A B C D, fg. 18. standing upon a 
heavy pedestal P, and draw the two 
diameters M N, E F perpendicular to 
one another, and also to the sides, A B, 
A C of the piece of wood. Let a 
small tube, H R, be so made that it 
may be attached to the board along 
any radius H R, H' R, or, what would 
be still better, that it may move 
freely round R as a centre. Let the board with its pedestal be 
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placed in a pool or tab of water, or in a glass vessel of water, bo 
that the surfiice of the water may coincide with the line £ F 
without touching the end R of tlie tube H R. When the tube 
is in the position M R, perpendicular to the surface £ F of the 
water, admit a ray of light down the tube, and it will be seen 
that it enters the water at R, and passes straight on to N, 
without sufiering any change in its direction. Hence it fol- 
lows, that a ray of light incident perpendicularly en a re- 
fracting surface experiences no refraction or change in its 
direction. If we now place a sixpence at N, we shall see 
it through the tube M R; so that the rays from the sixpence 
quit the water at R, and proceed in the same straight line 
N R M. Hence a ray of light quitting a refracting surface 
perpendicularly undergoes no refraction or change of diree- 
tion. If we now bring the tube into the position II R, and 
make a ray of light pass along it, the ray will be refracted at 
R in some direction R 6, the angle of refraction N R 6 being 
less than the angle of incidence M R H. If we now with a 
pair of compasses, take the shortest distance 6 n of the point 
b from the perpendicular M N, and make a scale of equal 
parts of which 6 n is one part, the scale being divided into 
tenths and hundredths, and if we set the distance H m upon 
this scale, we shall find it to be 1*336 of these parts, or 1^ 
nearly. If this experiment is repeated at any other position, 
H'R, of the tube where Rb' is the refracted ray, we shall 
find that on a new scale, in which 6' n' is one part, H' m' will 
also be 1-336 parts. But the lines H m, H' m' are called the 
sines of the angles of incidence H R M, H' R M, and b n, 
h' n' the sines of the angles of refraction 6 R N, 6' R N. 
Hence it follows, that in water the sine of the angle of inci- 
dence is to the sine of the angle of refraction as 1*336 to 1, 
whatever be the position of the ray with respect to the surface 
E P of the water. This truth is called by optical writers the 
constant ratio of tJie sines. By placing a sixpence at b, we 
shall find that it will be seen through die tube when it has 
the position H R; and placing it at 6', it will be seen through 
it in the position H' R. Hence, when light quits the surface 
of water, the sme of its angle of incidence 6 R N will be to 
the sine of its angle of refraction H R M as 1 to 1*366, as 
these are the measures of the sines & n, H m ; and since these 
are also the measures of b' n' H' m' upon another scale, in 
which b' n* is unity, we may conclude that, when light 
emerges from water into air, the sines of the angles of inci- 
dence and refraction are in the constant ratio of 1 to 1*336. 

If we make the same experiment with other bodies, we 
diall obtain different degrees of refraction at the same angles; 
C2 
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■ot IB eVery caae die sines of the an^es of iocidence and 
refractioQ will be fi)und to have a constant latio to each other. 

The nomber 1*396^ which expresses this ratio for water, ia 
called the index qf refrmdion fiir water, and scxnetimes its 
refractive power. 

(90.) As philoso^heri ha^e determined the index of refrac- 
tion for a great vahetj of bodies, we are able, from those de- 
terminations, to ascertain the direction of any raj when re- 
fracted at any angle of incidence from the sumoe of a given 
body, either in entepag or quitting it Thus, in the case o€ 
water, let it be required to find the direction of a ray, H ^fif- 
16., after it is refracted at the sur&ce £ F of water : draw R M 
perpendicular to E F at the point R, where the ray H R enters 
the water, and from H draw H m perpendicular to M R. 
Take H m in the compasBea, and make a scale in which this 
distance occupies 1*336 parts, or 1^ nearly. Then, taking 1 
on the same scale, place one foot of the compasses in the 
quadrant N F, and move that foot towards or from N till the 
other foot fidls upon some one point n in the perpendicular 
R N, and in no other point of it Let b be the point on which 
the first foot of the compasses is placed when the second falls 
upon n, th^d the line R 6 passing through this point will be 
the refracted ray corresponding to the incident ray H R. 

(31.) Table I. (Appendix) contains the index of refraction 
for some of the substances most interesting in optics. 

(32.) As the bodies contained in these tables have all dif- 
ferent densities^ the indices of refraction annexed to their 
names cannot be considered as showing the relation of their 
absolute refractive powers, or the refnctive powers of their 
ultimate particles. The small refractive index of hydrogen, 
for example, arises from its particles being at so great a distance 
from one another; and, if we take its specific gravity into 
account, we riiall find that, instead of having a less refractive 
power than all other bodies, its ultimate particles exceed all 
other bodies in their absolute action upon light 

Sir Isaac Newton has shown, upon the supposition that the 
ultimate particles oi bodies are equally heavy, and that the 
law of the forces which different media exert is of the same 
form in all, that the absolute refractive power is equal to the 
excess of the square of the index of refraction above unity, 
divided by the specific gravity of the body. 

In this wav Table II. ^Appendix) has been calculated. 

Mr. Herscnel has justly remarked, that if, according to the 
doctrines of modem chemistry, material bodies consist of a 
^ita number of atoms, dijQfennff in tlieir actual weight for 
every diiSTeYently compounded siUxstance, the intrinsic^ refrae- 
tive power of the atoms of any given medium will be the 
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product aiisiQg from multiplviiigf the number &r tiM medium, 
in Table IL by the weiffht or its atom. 

(33.) In examining Table IL, it appears that the substances 
which contain fluoric acid have the least absolute refractive 
power, while all inflammable bodies have the greatest The 
nigh absolute refractive power of oil of casBia, which is placed 
above all other fluids and even above diamond^ indicates the 
gteat inflammabiiity of its ingredients*! 



CHAP. IV.* 

REFRACTION THROUGH PRISMS AMD LENSES. 

(34). Bt means of the law of refraction explained in the 
preceding pages, we are enabled to trace a ray of light in its 
passage Uirough an^ medium or body of any figure, or through 
any number of bodies, provided we can always find the incli- 
nation of the incident ray to that small porticm of the surface 
where the ray either enters or quits the body. 

The bodies generally used in optical experiments, and in 
the construction of optical instruments, where the efi^t is 
profluced by refraction, are omnis, plime gkuseg, aphereg^ 
and IcTues, a section of each of which is shown in the an- 
nexed figure. 




1. The most common optical prisma shown at A, is a solid 
having two plane surfiices A R, A S, which are called its re- 
fracting wrfaces. The fiice RS, equally inclined toAR 
and A S, is called the base of the prism. 

2. A plane glass, shown at B, is a pkte of glass with two 
plane surfiices, ab^cd, parallel to each other. 

3. A spherical lens, shown at C, is a sphere, all tiie points 
in its sur&ce being equally distant from the centre O. 

4. A dmbU convex lens, shown at D, is a solid formed by 
two convex spherical surfiices, having their centres on oppo- 
site sides of the lens. When the radii of its two surfac^ are 
equal, it is said to be squatty convex ; and when the radii are 
unequal, it is saki-to be an unequally convex lens. 

* For tbe subjects treated in this aod in the preceding chapter, see (in th« 
G0lkge edition) the Appendix of Am. ed. chap. iii. 
t See Note No. I. at the close of author's Appendix. 



33 A TBBATI8S OM OPTICS. FART I 

5. A pUmfHsonvex leits, shown, at £, is a lens having one 
of its surfaces convex and the other plane, 

6. A double concave lens, shown at F, is a solid bounded by 
two concave spherical surfiices, and may be either equally or 
unequally concave. 

7. A plano^oTuutoe lens, represented at G, is a lens one of 
whose surfaces is concave and the other ^lane. 

8. A menismsy shown at H, is a lens one of whose surfaces 
is convex and the other concave, and in which the two sur&ces' 
meet if contmued. As the convexity exceeds the concavity, 
it may be regarded as a convex lens. 

9. A concavo<onvex lens, shown at I, is a lens one of whose 
surfaces is concave and the other convex, and in which the 
two surfaces will not meet though continued. As the con- 
cavity exceeds the convexity, it may be regarded as a concave 
lens. 

In all these lenses a line, M N, passing through the centres 
of their curved surfaces, and perpendicular to their plane sur- 
• faces, is called the axis. The figures represent only the sec- 
tions of the lenses, as if they were cut by a plane passing 
through their axis ; but the reader will understand that the 
convex surface of a lens is like the outside of a watch-glass, 
and the concave sur&ce like the inside of a watch-glass. 

In showing the progress of light through such lenses, and 
in explaining their properties, we shall still use the sections 
shown in the above figure ; for since every section of the same 
lens passing through its axis has exactly the same form, what 
is true of the rays passing through one section must be true 
of the rays passmg through every section, and consequently 
through the whole surface. 

(35.) Refraction of light through prisms. As prisms are 
introduced into several optical instruments, and are essential 
parts of the apparatus used for decomposing light and exam- 
ining the properties of its component parts, it is necessary 
that the reader should be able to trace the progress of light 
throughtheir two refracting surfaces. Let A B C be a prism of 
plate glass whose index of refraction 
is 1-500, and let H R be a ray of light 
falling obliquely upon its first surface 
A Bat the point R. Round R as a 
centre, and with any radius H R, de- 
scribe the circle H Sf 6. Through R 
draw M R N perpendicular to A B, 
and H m perpendicular to M R. The 
angle H R M will be the angle of in- 
cidence of the ray H R, and H m its sine, which in the present 
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cue is 1*500. Then imring' made a scale in which the dis- 
tance H ffi is 1*500, or 1^ parts, take 1 part or unity from the 
same scale, and having set one fix)t of the compasjws on the 
circle somewhere about 6, move it to difierent points of the 
circle till the other foot strikes coly one point n of the line 
R N; the point 6 thus firand will be that through which the 
refracted ray posses, R b will be the re&aeted lav, and nRb 
the angle of refitictioi], because the sine 6 n of this angle has 
been oMide such that its ratio to H m, the sine of the anffle of 
incidence, is as 1 to I'dOa The ray R 6 thus le&acted will 
go on in a straight line till it meets the second surface of the 
purism at R', wMre it will again suffer cefraction in the direo* 
tion R' b'. In order to determine this direction, make R' H' 
equal to R H, and, with this distance as radius, describe the 
circle H' b\ Draw R' N perpendicular to A C, and H' ift* 
perpendicular to R'N, and form a scale on which H'm' shall 
be 1 part, or 1*000, and divide it into tenths and hundredths. 
From this scale take in the compasses the index of refraction 
1*500, or 1^ of these parts ; aiid having set one foot some 
where in the line R' n', move it to difierent parts of it till the 
other foot fiills upon some part of the circle about b\ taking 
care that the point b* is such, that when one foot of the com- 
passes is placed there, the other foot will touch the line R' n', 
continued, only in one pkce. Join R' 6'. Then, since H' R' m' 
is the angle of incidence on the second surface A C, and H'm' 
its sine, and since n' 6', the sine of the angle b' R* n', has been 
made to have to H'm' the ratio of 1*500 to 1, b'R'n' will be 
the angle of refraction, and R' b' the refracted rav. 

If we suppose the original ray H R to proceed from a can* 
die, and if we place our eye at 6' behind the prism so as to 
receive the refracted ray b* R\ it will appear as if it came 
in the direction D R' &', and the candle will be seen in that di- 
rection; the angle H £ D representing its angular change of 
direction, or the angle of deoiation^ as it is cdled. 

In the construction of ^^. 20., the ray H R has been made 
to fall upon the prism at such an angle that the refracted ray 
R R' is equally inclined to the &ces A B, A C, or is parallel to 
the base B C of the prism; and it will be found that the angle 
of incidence on the &ce of the prism, H R B is equal to the 
angle of emergence 6'R'C. Under these circumstances we 
shall find, by making the angle H R B either greater or less 
than it is in the figure, that the angle of deviation H E D is 
less than at any other angle of incidence. If we, therefore, 
place the eye behind the prism at b', and turn the prism 
round in the plane BAG, sometimes bringing A towards the 
eye and sometimes pushing it from it, we shall easily discover 
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the position where the image of the candle seen in the direc- 
tion h' D has the least deviation. When this position is found, 
Die angles H R B and 6' R' C are equal, and R R' is parallel 
to B C, and perpendicular to A F, a line bisecting the refract- 
ing angle B A C of the prism. Hence it maj be shown by 
the similarity of triangles, or proved by projection, that the 
angle of refracti<m 6 R n at the first surmce is equal to B A F, 
ha& the refracting angle of the prism. But since B A F is 
known, the angle of refraction 6 Rn is also known; and the 
angle of incidence H R M being found by the preceding methods, 
we may determine the index of refraction for any pnsm by the 
following analogy. As the sine of the angle of refraction is to 
the sine of the angle of incidence, so is unity to the index of 
refraction ; or the index of refraction is equal to the sine of 
the angle of incidence divided by the sine of the angle of re- 
fraction. 

(36.) By this method, which is very simple in practice, we 
may readily measure the refractive powers of all bodies. If 
the body be solid, it must be shaped into a prism ; and if it is 
soft or nuid, it must be placed in the angle B A C of a hollow 
Fig. 21. prism ABC, fig,2\,, made by cement- 

ing together three pieces of plate glass, 
A B, A C, B C. A very simple hollow 
prism for this purpose may be made by 
fastening together at any angle two 
■B pieces of plate glass, A B, A C, with a 
bit of wax, F. A drop of the fluid may then be placed in the 
angle at A, where it will be retained by the force of capillary 
attraction. 

When light is incident upon the second surface of a prism, 
it may fall so obliquely that the surface is incapable of refract- 
ing it, and therefore the incident light is totally reflected from 
the second surface. As this is a curious property of light, we 
must explain it at some length. 

On the total Reflexion of Light, 

(37.) We have already stated, that when light falls upon 
the first or second surfaces of transparent bodies, a certain 
portion of it is reflected, and another and much greater portion 
transmitted. The li^t is in this case said to be partially re-- 
fleeted. When the light, however, fiills very obliquely upon 
the second surface of a transparent body, it is wholly reflected, 
and not a single ray suffers refraction, or is transmitted by the 
surface. Let A B C be a prism of glass, whose index of re- 
fraction is 1*500 : let a ray of light G K, Js^. 22., be refracted 





CHAP. IV. TCKTAI. REFLEXION. 85 

at K by the first surface A B, so 
^'^' ^ as to fall on the point R of the 

second Bur&ce very obliquely, 
and in the direction K R. Upon 
_ij R as a centre, and with any ra- 
dius, R H, describe the circle H 
M £ N F; then, in order to find 
the refracted ray corresponding 
to H R, make a scale on which 
H m is equal to 1, and take in 
the compasses 1*500 or 1^ from that scale, and setting one 
foot in the quadrant E N, try to find some point in it, so that 
the other foot may fall only in one point of the radius R N. It 
will soon be seen that there is no such point, and that 1*500 is 
greater even than E R, the sine of an angle E R N of 90°. If 
8ie distance 1*500 in the compasses had been less than E R, 
the ray would have been refracted at R ; but as there is no 
angle of refraction whose sine is 1*500, the ray does not 
emerge from the prism, but suffers total reflexion at R in the 
direction R S, so that the angle of reflexion M R S is equal to 
the angle of incidence M R H. If we construct ^^. 22. so as 
to make the incident ray H R take different positions between 
M R and F R, we shall find that the refracted ray will take 
different positions between R N and R E. There will be 
some position of the incident ray about H R, where the re- 
fracted ray will just coincide with R E ; and that will happen 
when the quantity 1*500, taken from the scale on^which H m 
is equal to 1, is exactly equal to R ES, or radius. At all posi- 
tions of the incident rav between this line and F R, refraction 
will be impossible, and the ray incident at R will be totally 
reflected. It will also be found that the sine of the angle of 
incidence at R, at which the light begins to be totally reflect- 
ed, is equal to ^.i^nr* ^^ "^^^ o*" f» which is the sine of 41° 48', 
the angle of total reflexion for plate glass. 

The passage from partial to total reflexion may be finely 
seen, by exposing one side, A C, of a prism A B Cjjig. 20., to 
the light of the sky, or at night to the light reflected from a 
large sheet of white paper. When the eye is placed behind 
the other side, A B, of the prism, and looks at the image of 
the sky, or the paper, as reflected from the base, B C, of the 
prism, it will see when the angle of incidence upon B C is 
less than 41° 48', the faint light produced by partial reflexion ; 
but by turning the prism round, so a.«i to render the incidence 
gradually more oblique, it will see the faint light pass sud- 
denly into a bright light, and separated from the faint light by 
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ft colored fringe, which marks the boundary of the two reflex 
ionfl at an angle of 41° 48'. But, at all angles of incidence 
above this, the light will suffer total reflexion. 

Refraction of Light tkrongk Plane GIosbcm, 

(38.) Let M N,^. 23., be the section of a plane glass with 
-. 23^ parallel faces ; and let a ray of light, 

A B, &11 upon the first sumce at B, 
and be refracted into the direction 
B C : it will again be refracted at its 
i^-^w' emergence from the second sur&ce 

-,^-> ^^i^ N at C, in a direction, C D, parallel to 

" ?6^i A B; and to an eye at D it will ap- 

I pear to have proceeded in a direction 

n' ' ' a C, which will be found by continu- 

ing D C backwards. It will thus appear to come from a point 
o below A, the point from which it was really emitted. This 
may be proved by projecting the figure by the method already 
described ; though it will be obvious also from the considera- 
tion, that if we suppose the refracted ra^ to become the inci- 
dent ray, and to move backwards, the incident ray will become 
the refracted ray. Thus the refracted ray B C, fiilling at equal 
angles upon the two surfaces of the plane glass, will si^er 
equal refractions at B and C, if we suppose it to move in op- 
posite directions ; and consequently the angles which the re- 
fracted rays B A, C D form with Ixie two refracting surfaces 
will be equal, and the rays panJIeL 

If we suppose another ny. A' B', parallel to A B, to fall 
upon the point B', it will suffer the same refhiction at B' and 
C, and will emerge in the direction C D', parallel to C D, as 
if it came from a point a'. Hence paralld rays failing upon 
a plane glass toUl retain their parallelism after passing 
through it. 
(39). If rays diverging from any point, A^Jig* 24., such as 
^- 24. A B, A B', are incident upon a 

plane glass, M N, thejr will bo 
refracted into the directions B C, 
B'C by the first surface, and 
C D, C D' by the second. By 
continuing C B, C B' backwards, 
they will be found to meet at a, 
. a point farther from the glass 
"^ than A. Hence, if we suppoas 
the smiiiee BB' to be that of standing water, pluced horizon- 
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tally, an eye within it would see the point A retamed to a, 
the divergency of the rays B C, B' C having been diminished 
by refraction at the suafiace B B'. But when the rays B C, 
B' C suffer a second refraction, as in the case of a plane glass, 
we shall find, by continuing D C, D' C backwards, that they 
will meet at 6, and the object at A will seem to be brought 
nearer to the glass; the rays C D, C D', by which it is seen, 
having been rendered more divergent by the two refractions. 
A plane glass, therefore, diminishes the distance of the diver- 
gent point of diverging rays. 

If we suppose D C, D' C to be rays converging to b, they 
will be made to converge to A by tiie refraction of the two 
surfaces; and consequently a plane glass causes to recede 
from it the convergent point of converging rays. 

If the two surfaces B B', C C are equally curved, the one 
being convex and the other concave, like a watch-glass, they 
will act upon light nearly like a plane glass ; and accurately 
like a plane glass, if the convex and concave sides are so re- 
lated that the rays B A, C D are incident at equdi angles on 
each surface : but this is not the case when the surfaces have 
the same centre, unless^when the radiant point A is in their 
common centre. For these reasons, glasses with parallel sur- 
faces are used in windows and for watch-glasses, as they pro- 
duce very little change up(»i the form and position of objects 
seen through them. 



Refraction of Light through Curved Surfaces, 

(40). When we consider the inconceivable minuteness of 
the particles of light, and that a single ray consists of a suc- 
cession of those particles, it is obvious that the small part of 
any carved earfsjce cm which it fidls, and which is concerned 
in refmcting it, may be regarded as a ]dane. Tiie sur&ce of 
a lake, perfectly still, is known to be a curved surface of the 
same radius as that of the earth, or about 4000 miles ; but a 
sqnare yard of it, in which it is impossiUe to discover any 
curvature, is larger in proportion to the radius of the earth 
than the small space on the surface of a lens occupied by a ray 
of light is in relation to the radius of that surface. Now, 
mati^maticians have demonstrated that a line touching a curve 
at any point may be safely regarded as coinciding with an in- 
finitely small part of the curve ; so that when a ray of light, 
A B,fig, 25., fklls upon a curved refracting surface at B, its 
D 
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ftf. 25. angle of incidence ror^t be considered 

as A B D, the angle which the ray 
A B forms with a line D C, perpendic- 
ular to a line M N, which touches, or 
is a tangent to, the curved surface at 
B. In all spherical sur&ces, such as 
those of lenses, the tangent M N is 
perpendicular to the radius C B of the 
sur&ce. Hence, in spherical suifaces 
the consideration of the tangent MN is unnecessary; because 
the radius C D, drawn through the point of incidence B, is 
the perpendicular from which the angle of incidence is to be 
reckoned. 

Refraction of Light through Spheres. 

(41.) Let M N be the section of a sphere of glass whose 
centre is C, and whose index of refraction is 1-5W) ; and let 
parallel rays. Jig, 26., H R, H' R', &11 upon it at equal dis- 

Fig.2Q, 



tances on each side of the axis G C F. If the ray H R is in- 
cident at R, describe the circle H D 6 round R ; through C and 
R draw the line CRD, which will be perpendicular to the 
surface at R, and draw H m perpendicular to R D. Draw the 
ray Rbr through a point 6 found by the method already ex- 
plained, and so that the sine 6 n of the angle of refraction 
bRC may be 1 on the same scale on which H w is l-5()0, or 
1^ ; then R b will be the ray as refracted by the first sur&ce 
of the sphere. In like manner draw R' r' for the refracted 
ray corresponding to H' R'. 

If we continue the rays R r, R' r', they will meet the axis 
at E, which will be the focus of parallel rays for a single con- 
vex sur&ce RPR'; and the focal distance P E may be found 
by the following rule. 

Rule for finding the principal foctis of a single convex 
surface. Divide the index of retraction by its excess above 
unity, and the quotient will be the principal focal distance, 
P E ; the radiua of the surface, or C R, being 1. If C R is 
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given in inches, then we have to multiply the result by that 
number of inches. When the surface is that of glass, of which 
the index of refraction is 1*5, then the focal distance, P £, will 
always be equal to thrice the radius, C R. 

Round r as a centre, with a radius equal to R H, describe 
the circle D' b' A, and, by the method formerly explained, find 
a point b' in the circle, such that b' n', the sme of the angle 
of refraction b' r n', is 1*500 or 1^ on the same scale on which 
h m\ the sine of the angle of incidence, is 1 part, and r 6' F 
will be the ray refracted at the second surface. In the same 
manner we shall find r' P to be the refracted ray correspond- 
ing to the incident ray R' r', F being the point where r 6' cuts 
the axis G E. Hence the point P will be the/ocia of parol' 
lei rays for the sphere of glass M N. 

If diverging rays &11 upon the points R, R', it is quite 
clear, from the inspection of the figure, that their focus will 
be on some point of the axis G F more remote from the sphere 
than F, the distance of their focus increasing as the radiant 
point from which they diverge approaches to the sphere. 
When the radiant point is as far before the sphere as F is be- 
hind it, then the rays will be refracted into parallel directions^ 
and the focus will be infinitely distant Thus, if we suppose 
the rays F r, F r' to diverge from F, then they will emerge 
after refraction in the paraUel directions R H, K' H'. 

If converging rays fall upon the points R R', it is equally 
manifest that l£eir focus will be at some point of the axis, 
G F, nearer the sphere than its principal focus F ; and their 
convergency may be so great that their focus will fall within 
the spl^re. All these truths may be rendered more obvious, 
and would be more deeply impressed upon the mind, by tracing 
rays of different degrees of diverffency and convergency 
through the sphere, by the methods idready so fully explained. 

(42.) In onler to form an idea of the efiect of a sphere 
made of sulstances of different refractive powers, in bringing 
parallel rays to a focus, let us suppose the sphere to have a 
radius of one inch, and let the focus F be determined as 'mfig, 
26., when the substances are, 

g Index or DIManee, T Q, of Iha 

B«rnKtiao. Fncua thun tb« Bphei*. 

Tabasheer - 1*11145 - 4 mchee. 
Water - 1-3358 - 1 — 

Glass - 1-500 - i — 

Zircon - 2-000 . — 

Hence we find that in tabasheer the distance F Q is 4 inches; 

in water, 1 inch ; in glass, half an inch ; and in zircon, nothing; 

that is, r and F coincide with Q, afler a single refraction at R. 
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When the index of r^ractioa is greater than 2*000, as in 
diamond and eeveial other Bubstancee, the ray of light R r 
will cross the axis at a point somewhere between C and Q. 
Under certain circumstances the ray £ r will su^r total re- 
flexion at r, towards another part of the sphere, where it wiU 
again suffer total reflexion, being carried round the circum- 
ference of the sphere, without the power of making its escape, 
till the ray is k«t by absorption. Now, as this is true (^ every 
possible section of the sphere, every such ray, R r, incident 
upon it in a circle equidistant firom the axis, G F, will suffer 
similar reflexions. 

RuLB fiff finding the foeu$ ¥ of a 9pkere» The distance 
of the focus, F, from the centre, C, of any sphere may be thus 
foimd. Divide the index of redaction by twice its excess 
above 1, and the qootiant is the distance, C F, in radii of the 
sphere. If the radius of the sphere is 1 inch, and its refrac- 
tive power 1*500, we shall have C F equal to 1^ inches^ and 
Q F equal to half an inch. 



Refraction qflAght through Convex and Concave Surfaces, 

(43.) The method of tracing the progress of a ray which 
enters a convex surface, is shown in^. 26. for the ray H R, 
and of tracing one entering a concave sur&ce of a rare me- 
dium, or quitting a convex sur&ce of a dense one, is shown 
for the ray R r, in the same figure. 

When the ray enters the concave surface of a dense me- 
dium, or quits a similar sur&ce, and enters the convex surface 
of a rare medium, the method of tracing its progress is shown 
in fig, 27., where M N is a dense medium (suppose glass) 



Fig,^. 




with two concave surfax:es, or a thick concave lens. Let C, C 
be the centres of the two surfaces lying in the axis C C, and 
H R, H' R' parallel rays incident on the first surfiice. As C R 
is perpendicular to the surface at R, H R C will be the ancrle 
of incidence; and if a circle is described with a radius 
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Khjhm will be the sine of that angle. From a scale on 
which ^ ?» is 1*500, take in die compasses 1, and iSnd some 
point, 6, m ^e circle where, when one foot of the compasses 
is placed, the other will fall only on one point, n, of the per- 
pendicular C R : the line R b drawn through this point will 
be the refracted ray. By continuing this ray 6 R backwards, 
it will be found that it meets the axis at F. In like manner 
it will be seen that the ray H' R' will be refracted in the di- 
rection R' r\ as if it also diverged from F. Hence F will be 
the virtual focus of parallel rays refracted by a single concave 
surface, and may be found by the following rule. 

Rule for finding the prindp^ focus of a single concave 
surface. Divide the index of refraction by its excess above 
unity, and the quotient will be the principal focal distance 
F E, the radius of the surface, or CE, being 1. If the radius 
C E is given in inches, we have only to multiply E F, thus 
obtained by that number of inches, to have the value of F E 
in inches. 

If, by a similar method, we find the refracted ray r d at the 
emergence of the ray r b from the second surface r r' of the 
lens, and continue it backwards, it will be found to meet the 
axis at /; so that the divergent rays R r, R' r' are rendered 
still more divergent by the second surface, and /will be the 
focus of the lens M N. 

Refraction of Light through Ckmvex Lenses. 

(44). Parallel rays. Rays of light felling upon a convex 
lens parallel to its axis are refracted in precisely the same 
manner as those which fall upon a sphere ; and the refracted 
ray may be found by the very same methods. But as a sphere 
has an axis in every possible direction, every incident ray 
must be parallel to an axis of it; whereas, in a lens which 
has only one axis, many of the incident rays must be oblique 
to that axis. In every case, whether of spheres or lenses, all 
the rays that pass along the axis suffer no refraction, because 
the axis is alwavs perpendicular to the refracting surface. 

When parallel rays, R L, R C, R L, ^^. 28., fall upon a 
double convex lens, L L, parallel to its axis R F, the ray R C 
which coincides with the axis will pass through without suf- 
fermg any refraction, but the other rays, R L, R L, will be 
* refracted at each of the surfaces of the lens ; and the refract- 
ed rays corresponding to them, viz. L F, L F, will be found, 
by the method already given, to meet at some point, F, in the 
•Jcia 

When the rays are oblique to the axis, afi S L, S L, T L, 
D2 
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Fig.flB. 




T L, the rays S C, T C, which poBS throufi^h the centre, C, of 
the lens, wul suffer refraction at each surmce ; but as the two 
refractions are equal, and in opposite directions, the finally re- 
fracted rays Cf,Cf' will be parallel to S C, T C. Hence, in 
considering oblique rays, such as S L, T L, we may regard 
lines S/, T/' passing through the centre, C, of the lens as the 
directions of the refracted rays corresponding to S C, T C. By 
^ * .will 



the methods already explained, it will be found that S L, S L ^ 
be refracted to a common point, y| in the direction of the cen- 
tral ray S/ and T L, T L, to the point/'. The focal distance 
F C, or /"C, may be found numerically by the following rule, 
when the thickness of the lens is so small that it may be 
neglected. 

RvLE for Jindinff the principal focus, or the focus of parol' 
lei rays, for a glass lens unequally convex. Multiply the 
radius of the one surfkce by the radius of the other, and aivide 
twice this product by the sum of the same radii 

When the lens is of glass and equally convex, the focal dis- 
tance will be equal to the radius. 

Rule for the principal focus of a plano-convex lens <f 
glass. With either side of the lens turned to parallel ra3r8, 
the distance of the focus, when the lens is thin, will be equal 
to twice the radius of the convex surface. 

(45.) Diverging rays. When diverging 'rays, R L, R L, 
Jig, 29., radiating from the point R, fall upon the double con- 
vex lens L L, whose principal focus is at O and O', their focus 
will be at some point F more remote than O. If R approaches 
to L L, the focus F will recede from L L. When R comcfi 
to P, so that P C is equal to twice the principal focal distance 
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C O, the fiicus P will be at P' as far behind the lens as the 
radiant point P is before it When R comes to O', the focus 
P will be infinitely distant, or the rays L P, L P will be par- 
allel ; and when H is between O' and C, the refracted rays 
will diverge and have a virtual focus before the lens. The 
focus F of a glass lens, when the thickness is small, will be 
found by the following rule. 

Kmjijbr finding the focus of a convex lens for diverging 
rays. Multiply twice the product of the radii of the two sur- 
faces of the lens by the distance, R C, of the radiant point, 
for a dividend. Multiphr the sum of the two radii by the 
same distance R C, and mm this product subtract twice the 
product of the radii, for a divisor. Divide the above dividend 
by the divisor, and the quotient will be the focal distance, C F, 
required. 

If the lens is equaUy convex^ the rule will be this. Multi- 
ply the distance of the radiant point, or R C, by the radius of 
the surfac^ and divide that product by the difference between 
the same distance and the radius, and the quotient will be the 
focal length, C F, required. 

When the lens is plano-con^oeXf divide twice the product of 
the distance of the radiant point multiplied by the radius by 
the difference between that distance and twice the radius, and 
the quotient will be the distance of the focus from the centre 
of the lens. 

(46.) For converging rays. When rays, R L, R L, con- 
rerging to a ^mtf fig. 90., fall upon a convex lens L L, they 
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will be so refracted as to converge to a point or focus F nearer 
tie lens Aan its principed focus O. As the point of con- 
vergence /reeedes from the Icts, the point P will also recede 
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from it towards O, which it juat reach(» when the point/ be- 
comes infinitely distant When/ approaches the lens, n^ 
also approaches it The focus F of a glass lens may be 
found when the thickness is small, by the fi)llowing rule : — 

RvhE for finding the focus of converging rays. Multiply 
twice the product of the radii of the two surfaces of the len& 
by the distance /C of the point of convergence, for a divi- 
dend. Multiply the sum of the two radii by the same dis- 
tance /C, and to this product add twice the product of the 
radii, for a divisor. Divide the above dividend by the divisor, 
and the quotient will be the focal distance C P required. 

If the lens is equally convex^ multiply the distance /C by 
the radius of the surface, and divide that product by the sum 
of the same distance and the radius, and the quotient will be 
the focal length F C required. 

When the lens is planoconvex, divide twice the product 
of the distance /C multiplied by the radius by the sum of 
that distance and twice the radius, and the quotient will be 
the focal distance F C required. 

Refraction of lAght through Concave Lenses. 
(47.) Parallel rays. Let L L be a double concave lens, ani 

^.31. 




R L, R L parallel rays incident upon it ; these rays will di- 
verge after refraction in the directions L r, L r, as if they 
radiated from a p|oint F, which is the virtual focus of the lens. 
The rule for finding F C is the same as for a convex lens. 
(48.) Diverging rays. When the lens LL receives the 

JiV-32- 




rays R L, R L diverging from ft, they will be refiracted into 
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lines, L r, L r, diverging from a focus F, more remote from 
the lens than the principal focus O, and the focal distance, 
F C, will be found by the following rule : — 

RuijB for finding the focus of a concave lens of glass, for 
diverging rays. Multiply twice the product of the radii W 
the distance, R C, of the radiant point for a dividend. Mul- 
tiply the sum of the radii by the distance R C, and add to this 
twice the product of the radii, for a divisor. Divide the divi- 
dend by the divisor, and the quotient will be the focal distance. 

If the lens is equally concave, the rule will be this. Mul- 
tiply the distance of the radiant point by the radius, and divide 
the product by the sum of the same distance and the radius, 
and the quotient will be the focal distance. 

When the lens is plano-c<xicave, multiply twice the radius 
by the distance of the radiant point, and divide this product 
by the sum of the same distance and twice the radius; the 
quotient will be the focal distance. 

(49). Converging rays. When rays, RL, R L, Jig. S3., 



J^. 33. 




.,:;.v.-x-/ 



converging to a point f fall upon a concave lens, L L, they 
will be refracted so as to have their virtual focus at F, and the 
distance F C will be found by the rule given for convex lenses. 
The rule for finding the focus of converging rays is exactly 
the same as that for diverging rays in a douue convex lens. 

When the lens is plano-concave, the rule for finding the 
focus of converging rays is the same as for diverging rays on 
a plano-convex TensL 

Refra(fion of lAght through Meniscuses and Concavo^on" 
vex Lenses of Glass. 

(50.) The general effect of a meniscus in refracting paral- 
lel, diverging, and converging rays, is the same as that of a 
convex lens of the same focal length ; and the general effect 
of a concavo-convex lens is tlie same as that of a concave lens 
of the same focal length. 

Rule ybr a meniscus with parallel rays. Divide twice the 
product of the two radii by their difference, and the quotient 
will be the focal distance required. 
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RuiiE ybr a meniscus with diverging raps. Multiply twice 
the distance of the radiant point by the product of the two 
radii for a dividend. Multiply the difference between the two 
radii by the same distance of the radiant point, and from tliis 
product take twice the product of the radii for a divisor. Divide 
the above dividend by this divisor, and the quotient will be the 
focal distance required. 

The truth of the preceding rules and observations is ca- 
pable of being demonstrated mathematically ; but the reader 
who has not studied mathematics may obtain an ocular demon- 
stration of them, by projecting the rays and lenses in large 
diagrams, and determining the course of the rays aAer refrac- 
tion by the methods already described. We would recommend 
to him also to submit the rules and observations to the test of 
direct experiment with the lenses themselves. 



CHAP. V. 

ON THE FORMATION OF IMAGES BY LENSES, AND ON THEIR 
MAONIFTING POWER.* 

(51.) We have already described, in Chapter II., the prin- 
ciple of the formation of images by small apertures, and by 
the convergency of rays to foci hy reflexion from mirrors. 
Images are formed, by refraction, by lenses in the very same ^ 
manner as they are formed, hy reflexion, in mirrors; and it is 
a universal rule, that when an image is formed by a convex 
lens, it is inverted in position relatively to the position of the 
object, and its magnitude is to lliat c^ the object as its distance 
from the lens is to the distance of the object from the lens. 

If M N is an oWect placed before a convex lens, L Itfig- 
34., every point of it will send forth rays in every direction. 
Those rays which ^1 upon the lens L L will be refracted to 
foci behind the lens, and at such distances from it as may be 
determined by the Rules in the last chapter. Since the focus 
where any point of the object is represented in its imao^ is in 
the straight line drawn from that pomt of the object Srough 
the middle point C of the lens, the upper end M of the object 
will be represented somewhere in the line M C Tn, and the 
lower end N somewhere in the line N C n, that is, at the 

See, in the College edition. Appendix of Am. ed. chap. iv. - 
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points fOi n, where the nys Liii,Lfii,Ln, Ln eras the lines 
M C ffi, N C n. Hence m will represent ibe upper, and n the 
lower end of the object M N. It is also evident, that in the 

Fig.M. 




two triangles M C N, m C n, m n, the length of the image 
must be to M N the length of the object a.s C m, the distance 
of the image, is to C M, the distance of the object from the 
lens. 

We are enabled, therefore, by a lens, to form an image of 
an object at any distance behind the lens we please, greater 
than Its principal focus, and to make this image as large as 
we please, and in any proportion to the object In order to 
have the image large, we must bring the object near the lens, 
and in order to have it small, we must remove the object from 
the lens ; and these effects we can vary still &rther, by using 
lenses of different focal lengths or distances. 

When the lenses have the same focus, we may increase the 
brightness of the image by increasing the size of the lens or 
the area of its surface, if a lens has an area of 12 square 
inches, it will obviously intercept twice as many rays proceed- 
ing from every point of the object as if its area were only 6 
square inches ; so that, when it is out of our power to in- 
crease the brightness of the object by illuminating it, we may 
always increase the brightness of the image by using i^ larger 
lens. 

(52.) Hitherto we have supposed the image m n to be re- 
ceived upon white paper, or stucco, or some smooth and white 
surface on which a picture of it is distinctly formed ; but if 
we receive it upon ground glass, or transparent paper, or upon 
a plate of glass one of whose sides is covered with a dried 
film of skimmed milk, and if we place our eye 6 or 8 inches 
or more behind this semi-transparent ground interposed at in n, 
we shall see the inverted image m n as distinctly as before. 
If we keep the eye in this position, and remove the semi- 
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mnsparent frroaiicl, we shall see an image in the air distinctly 
and more bright than be&re. The cause of this will he readily 
understood^ S we consider that ail the rays which ferm 1^ 
their convergence the points m, n of the image m n, cross one 
another at m, n, and diverge from these points exactly in the 
same manner as they would do from a real object of the same 
size and brightness placed in m n. The unage m n therefore 
of any object may be regarded as a new object; and by 
placing another lens behind it, another image of the image 
m n would be formed, exactly of tlie same size and in the 
same place as it would have been had m n been a real object 
But since the new image of m n must be inverted, this new 
image will now be an erect image of the object M N, obtained 
by &e aid of two lenses ; so that, by using one or more lenses, 
we can obtain direct or inverted images of any object at plea- 
sure. If the object M N is a movable one, and within our 
reach, it is unnecessary to use two lenses to obtain an erect 
image of it : we have only to turn it upside down, and we 
shall obtain, by means of one lens, an image erect in reality, 
though still inverted in relation to the object 

(53.) In order to explain the power of lenses in magnifying 
objects and bringing them near us, or rather in giving mag- 
nified images en objects, and bringing the images near us, 
we must examine the different circumstances under which 
the same object appears when placed at different distances 
from the eye. If an eye placed at E looks at a man a b, Jig. 
35., placed at a distance, lus general outline only will be seen, 



and neither his age, nor his features, nor his dress wul oe re- 
cognized. When he is brought gradually nearer to us, we dis- 
cover the separate parts of his dress, till at the distance of a 
few feet we perceive his features; and when brought still 
nearer, we can count his very eye-lashes, and observe tlie 
minutest lines upon his skin. At the distance E 6 the man 
is seen under the angle 6 E «, and at the distance E B he is 
seen under the greater angle B E A or 6 E A', and his a/3|pa- 
rent magnitudes, a b, A' 6, are measured in those different 
positions by the angles 6 E o, B E A, or 6 E A'. The appa- 
rent magnitude of the smallest object may, therefore, be equal 
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to the apparent magnitude of the greatest The head of a 
pin, for example, may be brought so near the eye that it will 
appear to cover a whole mountain, or even the whole visible 
Burfiice of the earth, and in this case the apparent magnitude 
of the pin^s head is said to be equal to the apparent magnitude 
of the mountain, &c. 

Let us now suppose the man a 6 to be placed at the dis- 
tance of 100 feet iiom the eye at £, and that we place a con- 
vex glass of 25 feet focal distance, half-way between the ob- 
ject a b and the eye, that is 50 feet from each ; then, as we 
have previously shown, an inverted image of the man will be 
formed 50 feet behind the lens, and of the very same size as 
the object, that is, six feet high. If this object is looked at 
by the eye, placed 6 or 8 inches behind it, it will be seen ex- 
ceedingly distinct, and nearly as well as if the man had been 
brought nearer from the distance of 100 feet to the distance 
of 6 inches, at which we can examine minutely the details 
of his personal appearance. Now, in this case, the man, 
though not actually magnified, has been apparently magni- 
fied, because his apparent magnitude is greatly increased, in 
the proportion nearly of 6 inches to 100 feet, or of 20O to 1. 

But if, instead of a lens of 25 feet focal length, we make 
use of a lens of a shorter focus, and place it in such a position 
between the eye and the man, that its conjugate foci may be 
at the distance of 20 and 80 feet from the lens, that is, that 
the man is 20 feet before the lens, and his image 80 feet be- 
hind it, then the size of the image is four times that of the 
object, and the eye placed 6 inches behind this magnified 
image will see it with the greatest distinctness. Now in 
this case the image is magnified 4 times directly by the lens, 
and 200 times by being brought 200 times nearer the eye ; 
BO that its apparent magnitude will be 800 times as large as 
before. 

I^ on the other hand, we use a lens of a still smaller focal 
length, and place it in such a position between the eye and 
the man, that its conjugate foci may be at the distance of 75 
and 25 f^et from the lens, that is, that the man is 75 feet be- 
fore the lens, and his image 25 feet behind it, then the size of 
the image will be only one thud of the size of the object; 
but though the image is thus diminished three times in size, 
yet its apparent magnitude is increased 200 times by being 
brought within 6 inches of the eye, so that it is still magm- 
fied, or its apparent magnitude is mcreased ^J'^, or 67 times, 
nearly. 

At distances less than the preceding, where the focal 
length of the lens forms a considerable part of the whole di» 
£ 
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tance, tbe rule fiir finding the nuigiu^iii£; power of a lens, 
when the eye views, at the distance of 6 inches, the image 
formed by the lens, is as follows. From the distance between 
the image and the obiect in feet, subtract the focal distance 
df the lens in feet, and divide the remainder by the same focal 
distance. By this quotient divide twice the distance of the 
object in feet, and the new quotient will be the magnifying 
power, or the number of times tliat tlie apparent magnitude 
of the object is increased. 

When the focal length of the lens is quite inconsiderable, 
compared with the distance of the object, as it is in most 
cases, the rule becomes this. Divide the focal length of the 
lens by the distance at which the eye looks at the ima^e ; or, 
as the eye will generally look at it at the distance of 6 mches, 
in order to see it most distinctly, divide the focal length by 6 
inches ; or, what is the same thing, double the focal length in 
feet, and the result will be the magni^ing power. 

(.'>4.) Here, then, we have the principle of the simplest 
telescope ; which consists of a lens, whose focal length ex- 
ceeds six inches, placed at one end of a tube whose length 
must always be six inches greater than the focal length of the 
lens. When the eye is placed at the other end of the tube, 
it will see an inverted image of distant objects, magnified in 
proportion to the focal length of the lens. If the lens has a 
focal length of lO or 12 feet, the magnifying power wOl be 
from 20 to 24 times, and the satellites of Jupiter will be dis- 
tinctly seen through this single lens telescope. To a very 
short-sighted person, who sees objects distinctly at a distance 
of three inches, the magnifying power would be from 40 to 48. 

A single concave mirror is, upon the same principle, a re- 
fleeting telescope, for it is of no consequence whether the 
image of the object is formed by refraction or reflexion. In 
this case, however, the image m n, fig. 14., cannot be looked 
at without standing in the way of the otgect ; but if the re- 
flection is made a little obliquely, or if the mirror is sufiiciently 
large, so as not to intercept all the light from the object, it may 
be employed as a telescope. By using his great mirror, 4 feet 
in diameter and 40 feet in focal length, in the way now men • 
tinned, Dr. Herschel discovered one of the satellites of Satiun. 

But there is still another way of increasing the apparent 
magnitude of objects, particularly of those which are withm 
our reach, which is of great importance in optica It will be 
proved, when we come to treat of vision, that a good eye sees 
the visible outline of an object very distinctly when it is 
placed at a great distance, and that, by a particular power in 
the eye, we can accommodate it to perceive objects at diflfer- 
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ent distances. Hence, in order to obtain distinct vision of 
any object, we have only to cause the rays which proceed 
from it to enter the eye in paxollel lines, as if the object 
itself was very distant Now, if we bring an object, or the 
image of an object, very near to the eye, so as to jnve it great 
apparent magnitude, it becomes indistinct ; but if we can, by 
any contrivance, make the rays which proceed from it enter 
the eye neariy parallel, we shall necessarily see it distinctly. 
But we have already shown that when rays diverffe from the 
focus of any lens, uiey will emerge from it parallel. If we, 
therefore, place an object, or an image of one, in the focus of 
a lens held close to the eye, and having a small focal distance, 
the rays will enter the eye parallel, and we shall see the ob> 
ject very distinctly^ as it will be magnified in the proportion 
of its present short distance from the eye to the distance of 
six inches, at which we see small objects most distinctly. But 
this short distance is equal to the focal length of the lens, so 
that the magnifying power produced I^ the lens will be equal 
to six inches divided by the fecal length of the lens. A lens 
thus used to look at or magnify any object is a single micrO' 
9cope ; and when such a lens is used to magnify the magnifi- 
ed image produced by another lens, the two lenses together 
constitute a compound microscope. 

When such a lens is used to magnify the image produced 
in the single lens telescope from a distant object, the two 
lenses together constitute what is called the tistronomical re- 
fracting telescope; and when it is used to magnify tlie 
image produced by a concave mirror from a distant object, the 
two constitute a reflecting telescope, such as tliat used by Le 
Maire and Herschel : and when it is used to magnify an en- 
larged image, M N, fig: 14., produced from an object m n, 
placed before a concave mirror, the two constitute a reflect- 
ing microscope. All these instruments will be more fully 
described in a future chapter. 



CHAP. VI. 

SPHERICAL ABERRATION OF LENSES AND MIRRORS."^ 

(55.) In the preceding chapters we have supposed that the 
cays refracted at spherical surfaces meet exactly in a focus; 
but this is by no means strictly true : and if the reader has in 
any one case projected the ray^ by the methods described, he 

* For a discussion of these subjects, see (in the college edition) tiie Ap- 
pendix of Am. «d. chap. v. 
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must have seen that the nys nearest the axis of a spherical 
surface, or of a lens, are refracted to a focus more remote 
from the lens than those which are incident at a distance from 
the axis of the lens. The rules which we have given for the 
foci of lenses and surfaces are true for ravs very near the axis. 
In order to understand the cause of spinerical aberration, let 
L L be a plano-convex lens one of wbaee sur&ces is spherical, 
and let its plane sur&ce L m L be turned towards parallel 
rays R L, R L. Let R' L', R' L' be rays very near the axis 
A F of the lens, and let F be their focus after refraction. Let 
R L, R L be parallel rays incident at the very margin of the 
lens, and it will be found by the method of projection that the 

J1f#.36. 




corresponding refracted rays hf, L/ will meet at a point/ 
much nearer the lens than F. In like manner intermediate 
rays between R L and R' L' will have their foci intermediate 
between /and F. Continue the rays L/, L/ till they meet 
at G and H a plane passing through f\ and perpendicular to F A. 
The distance /F is call^ the hngitudinal spherical aberra- 
tiorif and G H the lateral spherical aberration of the lens. In 
a plano-convex lens placed like that in the figure, the longitu- 
dinal spherical aberration/F is no less than 4| times mnih» 
thickness of the lens. It is obvious that such a lens cannot form 
a distinct picture of any object in its focus F. If it is exposed 
to the sun, the central part of the lens U m \J whose focus is 
at F, will form a pretty bright image of the sun at F ; but as 
the rays of the sun which pass through the outer part L L of 
the lens have their foci at points between /and F, the rays will, 
after arriving at those points, pass on to the plane G H, and 
Fig. 37. occupy a circle whose diameter is G H ; hence 
the ima|[e of the sun in the focus F will be a 
bright disc surrounded and rendered indistinct 
by a broad halo of light growinff fkinter and 
minter from F to G and H. In like manner, 
every object seen through such a lens, and 
every image formed by it, wiU be rendered 
H confused and indistinct by spherical aberration. 

These results may be illustrated eTcperimentally by taking 
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a ring of black paper, and ooverioff up the ooter partB of tlie 
&ce LL of the lens. This will diminish the halo G H, and 
the indistinctness of the image, and if we cover up aU the 
lens excepting a small part in the centre, the image will be- 
ocmie perfectly distinct, though less bright than before, and the 
focus will be at F. il^ on the contrary, we cover up all the 
(sentral part, and leave only a narrow ring at the circumfe- 
rence of the lens, we shall have a very distinct image of the 
sun formed about j^ 

(56.) If the raider will draw a very large diagram of a 
plano-convex and of a double convex lens, and determine the 
refracted rays at different distances fhnn the axis where par- 
allel rays &11 on each of the sur&ces of the lens, he will be 
able to verify the following results tx class lense& 

1. In fi juano-convex lens, with its pume side turned to par- 
allel rays as in^. 36., that is, turned to distant objects if it is 
to ferm an ima«e behind it, or turned to the eye if it is to be 
used in magnifying a near object, the spherical aberration will 
be 4} times the thickness, or 4^ times m n. 

2. In a pkmo-convex lens, with its convex side turned to- 
wards parallel rays, the aberration is only l^^ths of its thick- 
ness. In using a plano-convex lens, therefore, it should always 
be so placed that parallel rays eidier enter the convex surfrce 
or emerge from it. 

3. In a double convex lens with equal convexities, the aber- 
ration is ly^Jths of its thickness. 

4 In a double convex lens having its radii as 2 to 5, the 
aberration will be the same as in a plano-convex lens in Rule 
1, if the side whose radius is 5 is turned towards parallel rays; 
and the same as the plano-convex lens in Rule 2, if the side 
whose radius is 2 is turned to parallel rays. 

5. The lens which has the least spherical aberration is a 
double convex one, whose radii are as 1 to 6. When the face 
whose radius is 1 is turned towards parallel rays, the aberra- 
tion is only l^ths of its thickness ; but when the side with 
the radius 6 is turned towards parallel rays, the aberration is 
3|^ths of its thickness. 

These results are equally true of plano-concave and double 
concave lenses. 

If we suppose the lens of least spherical aberration to have 
its aberration equal to 1, the aberrations of the other lenses 
will be as follows : — 

Best form, as in Role 5 1*000 

Double convex or concave, with equal curvatures . 1*561 
Plano-convex or concave in best position, as in Role 2. 1*093 
Plano-convex or concave in worst position, as in Rule 1. 4*306 
E2 
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(B7.) As the central nrtB of the lemLI^J^.S&^iefimct 
the layB too little, and the marffiaal psrts too much, it is evi- 
dent th&t if we could increase £e convexity at n and diminish 
it gradually towards L, we should remove the qiherical aber- 
ratuHL But the ellipse and the fayperbria are curves of this 
kind, in which the curvature dinunisbes from » to L; and 
mathematicians have shown how spherical aberratioo may be 
entirely removed, by lenses whose sections are eUipses or hy- 
perbohis. This curious discovery we owe to DeseartesL 




If A L D L, for eaounple, is an ellipse whose greater axis 
A D is to the distance between its foci F,/as the index of re- 
fraction is to unity, then parallel rays R L^ R L incident upon 
the elliptical sur&ce L A L will be refiracted by the single 
action of that surfiice into lines, which would meet exactly in 
the focus F, if there were no second sur&ce intervening be- 
tween L A L and F. But as every useful lens must have two 
surfaces, we have only to describe a circle L a L round F as a 
centre, for the second^^sui&ce of the lens L L. As all the rays 
refracted at the .sur&ce L A L converge accurately to F, and 
as the circular sur&ce L a L is perpeiKlicular to every one of 
the refracted rayi^ all these rays will so on to F without suP 
fering any refraction at the circular sumce. Hence it follows 
that a meniscus whose convex sur&ce is part of an ellipsoid, 
and whose concave sur&ce is part of any s{^erical sur&ce 
whose centre is in the &rther focus, will have no spherical 
aberration, and will refract pandld rays incident on its convex 
sur&ce to the &rther focus. 

In like manner a concavo-convex lens, L I^ whose concave 
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Aurftce L A L b part of the ellipsoid A L D L, and whose 
convex surftice I aim a circle described round the fiurther 
focus of the ellipse, will cause parallel rays R L, R L to di- 
verge in directions L r, L r, which when continued backwards 
will meet exactly in the focus F, which will be its virtual 
focus. 
If a plano-convex lens has its convex surface, L A L, part 

ng. 40. 




of a hyperboloid formed by the revdution of a hyperbolt whose 
greater axis is to the distance between the foci as unity is to 
the index of refraction ; then parallel rays, R L, R L, railing 
perpendicularly on the plane sur&ce will be refracted wiUiout 
aberraticm to the further focus of the hvperboloid. The same 
property belongs to a plano-concave lens, having a similar 
hyperbolic sur&ee, and receiving parallel rays on its phme 
surlace. 

A meaiseus with spherical surfaces has the prq^erty of re- 
fracting all converging rays to its focus, if its first sumoe ii 




convex, provided the distance of the pomt of conveivence or 
divergence from the centre of the first surface is to the radius 
of the first sorfiM^e as the index of refraction is to unity. 
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Thus, if M L L N is a meniscus, and R L^ R L rays coavexg^ 
tag to the point £, whose distance E C from the centre of the 
firet surface L A L of the meniscus is to the radius C A or 
C Las the index of refraction is to unity^ that is as 1*500 to 1, 
in glass ; then if F is the focus of the first sur&ce, describe 
with any radius less than F A a circle M a N for the second 
surface of the lens. Now it will be found by projection that 
the rays R L, R L, whether near the axis A E or remote from 
it, will be refracted accurately to the focus F, and as all these 
rays fall perpendicularly on the second surface, they will 
still pass on without refractbn to the focus F. In like manner 
it is obvious that rays F L, P L diverging from F will be re- 
fracted into R L, R L, which diverge accurately from the vir- 
tual focus. 

When these properties of the ellipse and hyperbola, and of 
the solids generated by their revolution, were first discovered, 
philosophers exerted all their ingenui^ in grinding and polish- 
mg lenses with elliptical and hyperbolical surfaces, and various 
ingenious mechanical contrivances were proposed for this pur- 
pose. These, however, have not succeeded, and the practical 
difficulties which yet require to be overcome are so great, that 
lenses with spherical surfaces are the only ones now in use 
for optical instruments. 

But though we cannot remove or diminish the spherical 
aberration of single lenses beyond- lyj^ths of their thickness, 
yet by combining two or more lenses^ and maldng opposite 
aberrations correct each other, we can remedy this defect to a 
very considerable extent in some cases, and in other cases re- 
move it altogether. 

(58.) Mr. Herschel has shown, that if two plano-convex 
lenses A B, C D, whose focal lengths are as 2*3 to 1, are placed 
with their convex sides together, A B the least convex being 
next the eye when the combination is to be used as a micro- 
scope, the aberration will be only 0-248, or one fourth of that 
of a single lens in its best form. 
When this lens is used to form an 
image, A B must be turned to the 
object If the focal lengths of the 
two lenses are equal, the spherical 
aberration will be 0*603, or a little 
more than one-half of a single lens 
in its best form. 

Mr. Herschel has also shown that 
the spherical aberration may be 
wholly removed W combining a 
meniscus C D with a double convex lens A B, as in ^9. 43. 
and 44., the lens A B being turned to the eye when it is used 
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£>r a microscope, and to the object when it k to be wmtd fit 
foTunng images* or as a boming-glaaBL 



rfg.43. 



J^.44. 





The following aie the radii of curvatore tx these 
as oomputed by Mr. Herschel ; the first soppoBes^ as a ooodi- 
tioo, that the &cal length of the oompoupd leos riiall be as 
near 10*000 as is consistent with collecting the abeiratioo ; 
and the aeoond, that the same fiical length riiall be the least 
posaible: — 

rig. 4X J^. 44. 

Radios of its first or outer sorfikce + 5-633 + 5^33 
Radios of its second sorfiu» 
Focal len^ of the meniscus C D 
Radios of its first sorfiice 
Radius of its second surfiure 



— 35O0Q— 35O00 
-f 17-829 + 5-497 
-f 3-688 + 2-054 
+ 6-291 + 8-128 



Focal length of the compound lens + 6-407 + 3-474 

Sphericdl Aberration of Mirrors. 

(59.) We have already stated, that when parallel rays, A M, 
A N, are mcident on a spherical mirnx', M N, thev are ro- 
firacted to the same focus, F, only when they are incident very 
near the azis^ AD. If F is the focus of those very near the 

FIg.ii. 



-rA 



M 



axis, such as A m, then the focus of those more remote, such 
as A M, will be at / between F and D, and/F will be the 
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loDfifitudinal spherical aberration, which will obviously inciease 
with the diameter of the mirror when its curvature remains 
the same, and with the curvature when its diameter is con- 
stant The images, therefore, formed by mirrors will be in- 
distinct, like those formed by q^erical lenses, and the indis- 
tinctness will arise from the same cause. 

It is manifest that if M N were a curve of such a nature 
that a line, A M, parallel to its axis, A D, and another line, 
/M drawn from M to a fixed point, f, should always form 
equal angles with a Ime, C M, perp^idicular to the curve 
M N, we should in this case have a surfiice which would re- 
flect parallel rays exactly to a focus /, and form perfectly dis- 
tinct images of objects. Such a curve is the parabola ; and, 
therefore, if we could construct mirrors of such a form that 
their section M N is a parabola, they would have the invalua- 
ble property of reflecting parallel rays to a single focus. 
When the curvature of the mirror is very small, opticians 
have devised methods of communicating to it a parabolic 
figure ; but when the curvature is great, it has not yet been 
found practicable to give it this figure. 

In die same manner it may be shown, that wl^en diverging 
rays fall upon a concave mirror of a spherical form, tibey wiU 
be reflected to different points of the axis ; and that if a sur- 
face could be formed so that the incid^it and reflected ra3rs 
should form equal angles with a line perpendicular to the sur- 
face at the point of incidence, the reflected lajrs would idl 
meet in a single point as their focus. A surfiice whose sec- 
tion is an ellipse has this property; and it may be proved 
that rays diverging from one focus of an ellipse will be re- 
flected accuratdy to the other focus. Hence in reflectmg 
microscopes the mirror should be a portion of an ellipsoid ; 
the axis of the mirror being the axis of the ellipsoid, and the 
object being placed in the focus nearest the mirror. 

On Caustic Curves formed by Reflexion and Refraction,* 

(60/) Caustics formed by refleocion, — As the rays incident 
on different points of a reflecting surface at diflferent distances 
from its axis are reflected to diferent foci in that axis, it is 
evident that the rays thus reflected must cross one another at 
particular points, and wherever the rays cross they will illu- 
minate the white ground on which they are received with 
twice as much light as falls on other parts of the ground. 
These luminous intersections form curve lines, called caustic 
lines or caustic curves ; and their nature and form will, of 

* 8ee(in ibe College edition) the Appendix of Am. e<J. chap. v. 
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course, vary with the aperture of the mirror, and the distance 
of the radiant point 

In order to explain their mode of formation and general 
properties, let M B N be a concave spherical mirror, fig, 46., 
whose centre is C, and whose focus for parallel and central 




rays is F. Let R M B be a diverging beam of light idling 
on the upper part, M B, of the mirror at the points 1, 2, 3, 4, 
&c. If we draw lines perpendicular to all these points from 
the centre C, and make the angles of reflexion equal to the 
angles of incidence, we shall obtain the directions and foci of 
all the reflected rays. The ray R 1, near the axis R B, will 
have its conjugate focus at f^ between F and the centre C. 
The next ray, R 2, will cut the axis nearer F, and so on with 
all the rest, the foci advancing from /to B. By drawing all 
the reflected rays to these foci, they will be found to intersect 
one another as m the figure, and to form by their intersections 
the caustic curve Mf, If the light had also been incident 
on the lower part of the mirror, a similar caustic shown by a 
dotted line would also have been formed between N and /. 
If we suppose, therefore, the point of incidence to move from 
M to B, the conjugate focus of any two conti^ous rays, or 
an infinitely slender pencil diverging from R, will move along 
the caustic from M to / 

Let us now suppose the convex surface M B N of the mir- 
ror to be polished, and the radiant point R to be placed as far 
to the right hand of B as it is now to the lefl;, it will be found, 
by drawing the incident and reflected rays, that they will di- 
verge after reflexicoi; and that when continued backwards 
thev will intersect one another, and form an imaginary caustic 
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situated behind die convex kurfiice, and similar to the real 
caustic. 

If we suppose the convex mirror M B N to be completed 
round the same centre, C, as at M A N, and the pencil of 
rays still to radiate from R, they will form the imaginary 
caustic M r N smaller than M/N, and uniting with it at 
the points M, N. 

Let the radiant point R be now supposed to recede from 
the mirror M B N, the line Bf, which is called the tangent 
of the real caustic M/N, will obviously diminish, because 
the conjugate focus / will approach to F ; and, for the same 
reason, the tangent A /' of the ima^nary caustic will in^ 
crease. When R becomes infinitely distant, and the incident 
rays parallel, the points /,/, called the cusps of the caustic, 
will both coincide with F and F', the principal foci, and will 
have the very same size and form. 

But if the radiant point R approaches to the mirror, the 
cusp / of the real caustic will approach to the centre C, and 
the tangent B / will increase, the cusp f* of the imaginary 
caustic will approach A, and its tangent A/', will diminish ; 
and when the radiant point arrives at the circumference at A^ 
the cusp f will also arrive at A, and the imaginary caustic 
will disappear. At the same time, the cusp / of the real 
caustic will be a little to the right of C, and its two opposite 
summits will meet in the radiant pomt at A. 

If we suppose the radiant point R now to enter within the 
circle A MB N, as siiown in Jig, 47., so that R C is less than 

Fig. 47. 




R A, a remarkable double caustic will be formed. This 
caustic win consist of two short ones of the common kind, 
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ar, br, having their common euro at r, and of two lon^ 
branches, af, bf, which meet in a rocas at f. When R C is 
greater than R A, the curved branches that meet at f behind 
the mirror will diverge, and have a virtual focas within the 
mirror. When R coincides with F, a p(»nt halfway between 
A and C, and the virtual principal focus of the convex mirror 
MAN, these curved branches become parallel lines; and 
when R coincides with the centre C, the caustics disappear, 
and all the light is condensed into a single mathematical point 
at C, from which it again diverges, and is again reflected to 
the same point 

In virtue of the principle on which these phenomena de- 
pend, a spherical mirror has, under certain circumstances, the 
paradoxical propertv of rendering rays diverging fn m a fixed 
point either parallel, diverging, or converging ; that is, if the 
radiant point is a little way within the principal focus of a 
mirror, so that mys very near the axis are reflected into par- 
allel lines, the rays which are incident still nearer the axis 
will be rendered diverging, and those incident farther from 
the axis will be rendered converging. This property may be 
distinctly exhibited by the projection of the reflected rays. 

Caustic curves are frequently seen in a very distinct and 
beautiful manner at the bottom o£ cylindrical vessels of china 
or earthenware that happen to be exposed to the light of the 
sun or of a candle. In these cases the rays genendly Ml too 
obliquely on their cylindrical surface, owing to their depth ; 
but this depth may be removed, and the caustic curves beau- 
tifully displayed, by inserting a circular piece of card or 
white paper about an inch or so beneath their upper edge, or 
by fillinff them to that height with milk or any white and 
opaque nuid. 

The following method, however, of ex- 
hibiting caustic curves I have found ex- 
ceedingly convenient and instructive. Take 
a piece of steel spring highly polished, such 
as a watch-spring, M N, Jig. 48., and hav- 
ing bent it into a concave fi>rm as in the 
fl^ire, place it vertically on its edge upon 
a piece of caid or white paper A B. Lei 
it then be exposed either to the ra^s of 
the sun, or those of any other luminous 
body, taking care that the plane of the 
card or the paper passes nearly through 
the sun ; and the two caustic curves shown 
m the figure will be finely^ displayed. By 
varying the size of the spring, and bending 
F 
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it into curveB of difl^nt shapes, all the variety of caustici^ 
with their cusps and points of oontraiy flezore, will be &iely 
exhibited. The steel majr be bent accurately into different 
carves by applying a portion of its breadth to the required 
curves drawn upon a piece of wood, and either cut or homed 
sufficiently deep in the wood to allow the edge of the tlun 
strip of metal to be inserted in it Gold or silver M answers 
verv well ; and when the light is strong, a thin strip of mica 
will also answer the purpose. The best substance of all, 
however, is a thin strip of polished silver. 

(61.) Caustics formed by refraction. If we expose a 
globe of glass filled with water, or a solid spherical lens, or 
even the belly of a round decanter, filled with water, to the 
rays of the sun, or to the light of a lamp or candle, and re- 
ceive the refracted light on white paper held almost parallel 
to the axis of the sf^ere, or so that its plane passes nearly 
through the luminous body, we shall perceive on the paper a 
luminous figure bounded by two bright caustics, like af and 
6 /) Jl^- 47., but placed behind the sphere, and forming a 
sharp cusp or angle at the point /, which is the focus of re- 
fracted rays. The production of these curves depends upon 
the intersection of ra^s, which, being incident on the sphere 
at difierent distances m>m the axis, are refiracted to foci at dif- 
ferent points of the axis, and therefore cross one another. 
This result is so easily understood, and mav be exhibited so 
clearly, by projecting the refincted rays, that it is unneces- 
saiT to say any more on the subject 

Some of the phenomena of caustics produced by refraction 
mav be illustrated experimentally in the following manner: — 
Take a shallow cylmdrical vessel of lead, M N, two or three 
inches in diameter, and cut its upper margin, as shown in the 
figure, leaving two omxeite projections, ac,bd, forming each 
about 10° or 15° of the whole circumference. Complete the 
cu*cumference by cementing on the vessel two strips of mica, 
j^ ^ so as to substitute for the lead that has 

* been removed two transparent cylin- 

- n 1^. . -n drical surfaces. If this vessel is filled 
with water, or any other transparent 
fluid, and a piece of card or white 
paper, A B C D, is held almost paral- 
lel to the sur&ce of the water, and 
having its plane nearly passing 
through the sun or the candle, the caustics A F, D F will be 
finely displayed. By altering the curvature of the vessel, 
and that of the strips of mica, many interesting variations at 
the experiment may be made. 
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(62.) PhtsicaIi Optics is that branch of the science which 
treats of the physical properties of light These properties 
are exhibited in the decomposition and recomposition of white 
li^ht ; in its decomposition by absorption ; in the inflexion or 
diffraction of light ; in the colors of thick and thin plates ; and 
in the doable refraction and polarization of Ught 



CHAP. vn. 

OH THE COLORS OF UOHT, AND ITS DBOOHFOSTTION. 

^63.) In the preceding chapters we have regarded light as 
a smiple substance, all ue parts of which had the same index 
of remiction, and therefore suffered the same chan^ when 
acted upon by transparent media. This, however, is not its 
constitution. White light, as emitted from the sun or from 
any luminous body, is composed of seven different kinds of 
light, viz., red, orange, yeUow, green, blue, indigo, and violet; 
and this compound substance may be decomposed, or analyzed, 
or separated into its elementary parts, by two different pro- 
cesses, viz., by refraction and absorption. 

The first of these processes was that which was employed 
by Sir Isaac Newton, who discovered the composition ox white 
Ught Having admitted a beam of the sun's light, S H, 
through a small hole, H, in the window-shutter, E F, of a 
darkened room, it will go on in a straight line and form a 
round white spot at P. If we now interpose a prism, BAG, 
whose refractmg angle is B A C, so that this beam of light 
may fall on its first surface CA, and emerge at the same 
angle from its second surfiice B A in the direction ff 6, and if 
we receive the refracted beam on the opposite wdl, or rather 
on a white screen, M N, we should expect, from the principles 
already -laid down, that the white beam which previously fell 
upon P would suffer only a change in its direction, and fiill 
somewhere upon M N, forming there a round white spot ex- 
actly similar to that at P. But this is not the case. Instead 
of a white spot, there will be formed upon the screen M N an 
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oblong image K L of the sun, containing seven cdore, viz. 
red^ orange, yeUow, green, blue, indigo^ and violet, the whole 

Fig. so. 




beam 'i' i'ght diverging from its emer^rence out of the prism 
at g, am' &ing boand^ by the lines giL, g L. This length- 
enfxi jruage o? the sun is called the i^iar gpectnan, or the 
ftrisfMitic spectrum. If the aperture H is small, and the dis 
tarK.e g G considerable, the colors of the spectrum will be very 
bright The lowest portion of it at L is a brilliant red. This 
xed shades off by imperceptible gradations into orange, the 
orange into yellow, the yellow into green, the green into bltte, 
the blue intp a pure indigo, and the indigo into a violet. No 
lines are seen across the spectrum thus produced ; and it is 
extremely difficult for the shaipest eye to point out the bound- 
ary of the different colors. Sir Isaac Newton, however, by 
many trials, found the lengths of the colors to be as follows, 
in the kind of glass of which his prism was made. We have 
added the results obtained by Fraunhofer wi^ flint glass. 



Red 45 56 

Orange 27 S7 

Yellow 48 27 

Green 60 46 

Blue 60 48 

Indigo 40 47 

riolet 80 109 

Total length 360 360 
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These odon are not equally brilliant At the lower end, L, 
of the spectrum the red is compar&tivdv fiunt, but grows 
brighter as it approaches the orange. The light increases 
gndually to the middle of the yellow space, where it is 
Eriffhtest; and from this it gradually declines to the upper or 
violet end, E, of the spectrum, where it is extremely ramt 

(64) From the phenomena which we have now described. 
Sir Isaac Newtcm concluded that the beam of white light, S, 
is compounded of light of seven different colors, and tE&t for 
each of these diflerent kinds of light, the elass, of which his 
prism was made, had different indices of refraction ; the index 
of refraction for the red light being the least, and that of the 
inolet the greatest 

If the prism is made of crown gkus^ for example, the in- 
dices of re&action for the different colored rays will be as fol- 
lows: — 



Red 1-5258 Bine 1*5360 

Orange 1-5268 Indigo 1^17 

Yellow 1-5296 Violet 1-5466 

Gieen 1-5330 

If we now draw the prism, B A C, on a great scale, and de- 
termine the progress of the refracted rays, supposed to be in- 
cident upon the same point of the first surface C A, by using 
for each ray the index of refraction in the preceding table, we 
shall find uiem to diverge as in the preceding figure, and to 
form the different colors in the order of those m the spectrum. 

In order to examine each color separately. Sir Isaac made 
a hole in the screen M N, opposite the centre of each colored 
space; and he allowed that particular color to fall upon a 
second prism, placed behind the hole. This light, when re- 
fracted by the second prism, ^'ns not drawn out into an oblong 
image as before, and was not re&acted into any other colore. 
Hence he concluded that the light of each different color had 
the same index of refraction ; and he called such light homo- 
geneous, or simple^ white li^ht being regarded as heteroge- 
neous or compound. This important doctrine is called the 
different refrangtbUity of the raya of l^ht. The diflerent 
colors as existing in the spectrum are caBed primary colors ; 
and any mixtures or combinations of any of tnem are called 
secondary colors, because we can easily separate them into 
their primary colors by refraction through the prism. 

(65.) Having thus clearly established the composition of 
white light. Sir Isaac also proved, experimentally, that all the 
seven colors^ when again combined and made to fiill upon the 

r2 
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same spot, finrmed or reeonyoted white light This importaiit 
truth he established by vanoas experiments ; hot the foUowiiigf 
method of proving it is so satisfactory, that no fiirther evidence 
seems to be wanted. Let the screen M N^Jig, 50., which re- 
ceives the spectram, be gradually brought nearer the prism 
B A C, the 4>^trum K L will gradually diminish ; but though 
the colors begin to mix, and encroach upon one another, yet, 
even when it is brought close to the face B A of the prism^ we 
shall recognize the separation of the light into its compon^it 
colors. If we now take a prism, B o A, shown bv dotted lines, 
made of the same kind of glass as B A C, and having its re- 
fracting angle A B a exacUy eaual to the refracting angle 
B A C of the other prism ; and if we place it in the opposite 
direction, we shall nnd that all the seven differently cdored 
rays which fall upon the second prism, A B o, are again com- 
bined into a sin^e beam of white light ^ P, forming a white 
circular spot at P, as if neither of the prisms had b^n inter- 
posed. The very same effect will be produced, even if the 
surfaces, A B, of the two prisms are joined by a transparent 
cement of the same refnustive power as the glass, so as to re- 
move entirely the refractions at the common sur&ce A R In 
this state the two prisms combined are nothing more than a 
thick piece of fflass, B C A a, whose two sides, A C, a B, are 
exactly parallel; and the decomposition of the light by the re- 
fraction of the first surfece, A C, is counteracted by the oppo- 
site and equal refraction of the second surface, aB; that is, 
the light decomposed by the first surface is recomposed by the 
second surfece. The refraction and re-union of the rays in 
this experiment may be well exhibited by placing a thick plate 
of oil of cassia between two parallel plates of glass, and 
making a narrow beam of the sun's light fall upon it very ob- 
liquely. The spectrum formed by the action of the first sur- 
face will be distinctly visible, and the re-union of the colors 
by the second will be equally distinct We may, therefore, 
consider the action of a plate of parallel glass on the sun's 
rays, that is, its property of transmitting them colorless, as a 
sufficient proof of the recomposition of light 

The same doctrine may be illustrated experimentally by 
mixing together seven di^rent powders having the same 
colors as those of the spectrum, taking as much of each as 
seems to be proportional to the rays in each colored space. 
The union of these colors will be a sort of grayish-white, be- 
cause it is impossible to obtain powders of 3ie proper colors. 
The same result will be obtained, if we take a circle of paper 
and divide it into sectors of the same size as the colored 



CfiAP. VII. NSW ANALirStt OP hWUT. 67 

spaces; and when this circle is made to revolve rapkOy, ^ 
efiect of all the colors when combined will be a grayisb-white. 

Decomposition oflAgJU by Absorption. 

(66.) If we measure the quantity of light which is reflected 
from the snrfaces and transmitted through the substance of 
transparent bodies^ we shall find that the sum of these quan- 
tities is always less than the quantity of light which falls 
npcm the body. Hence we may conclude that a certain por- 
tion of light is lost m passing through the most transparent 
bodies. This loss arises from two causes. A part of the light 
is scattered in all directions by irregular reflexion from the 
imperfectly polished surface of .particular media, or from the 
imperfect onion of its parts ; while another, and generally a 
greater portion, is absorbed, or stopped by the particles of the 
body. Colored fluids, such as tdack and red ink, though 
equally homogeneous, stop or absorb different kinds of rays, 
and when exposed to the sun they become heated in different 
degrees; while pure water seems to transmit all the rays 
equally,* and scarcely receives any heat from the passing light 
of the sun. 

When we examine more minutely the action oi colored 
glasses and colored fluids in absorbing light, many remarkable 
phenomena present themselves, which throw much light upon 
this curious subject. 

If we take a piece of bine glass, like that generally used 
for finger glasses, and transmit through it a team of white 
light, 3ie light will be a fine deep blue. This blue is not a 
simple homogeneous color, like the blue or indigo of the spec* 
trum, but is a mixture of all the colors of white light which 
the glass has not absorbed ; and the colors which the glass 
has absorbed are those which the blue wants of white light, 
or which, when mixed with this blue, would &rm white light 
In order to determine what these cok>rs are, let us transmit 
through the blue glass the prismatic spectrum K I^ fig. 50. ; 
or, what is the same thing, let the observer phice his eye be- 
hind the prism BAG, and look through it at the sun, or 
rather at a circular aperture made in tl^ wifldow-shutter of 
a dark room. He wiU then see through the prism the spec- 
trum K L as far below the aperture as it was above the spot P 
when shown in Uie screen. Let the blue glass be now inter- 
posed between the eye and the prism, and a remarkable spec- 
trum will be seen, deficient in a certain number of its difier- 

* See Note II., of Am. ed., which foOowB the aathor't Appendix. 
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•Dtlv colored nyai A urticiikr tfaickneaB abaoriiB the middle 
of the red space, the whole of the orange, a sreat part of the 
green, a coomderable part of the blue, a lit^ of the indigo^ 
and very little of the violet The yellow space, which haa 
not been mach absorbed, has tncreaged in breadth. It occu- 
pies part of the space formerly covered by the orange on one 
side, and part of the raace formerly covered by the green on 
the other. Hence it Allows, that the blue glass has absorbed 
the red light, which, when mixed with the yellow light, con- 
stituted orange, and has absorbed also the blue light, which, 
when mixed with the yellow, constituted the part of the 
green space next to the yellow. We have therefore, by ab- 
sorption, decomposed green light into yellow and Uue, and 
orange light into yellow and r3l; and it consequently follows, 
that the orange and fipreen rays of the spectrum, though they 
cannot be decomposed by prismatic refraction, can be decom- 
posed by absorption, and actually consist of two difierent 
colors possessing the same degree of refrangibUity. Differ- 
ence of color 18 therefore not a test of difference of refrangi- 
bUity, and the conclusion deduced by NeWton is no longer 
admissible as a general truth : " That to the same degree of 
refrangibility ever belongs the qame color, and to the same 
color ever belongs the same degree of refhui£pibility.'^ 

With the view of obtaining a complete amuysis of the spec- 
trum, I have examined the spectra produced by various bodies, 
and the chan&fes which they undergo by absorption when 
viewed throng various colored media, and I find that the 
color of every part of the spectrum may be changed not only 
in intensity, but in color, by the action of particular media ; 
and from these observations, which it would be out of place 
here to detail, I conclude that the solar spectrum consists of 
three spectra of equal lengths, viz. a red spectrum, a yellow 
spectrum, and a blue spectrum. The primary red spectrum 
has its maximum of mtensity about tne micidle of the red 
space in the solar spectrum, the primary yellow spectrum has 
its maximum in the middle of the yeUow space, and the 
primary blue spectrum has its maximum between the ftZue 
and the indigo space. The two minmia of each d[ the three 
primary spectra' coincide at the two extremities of the solar 
spectrum. 

From this view of the constitution of the solar spectrum 
we may draw the following conclusions : — 

1. Red, yellow, and blue light exist at every point of the 
solar spectrum. 

2. As a certain portion of red, yellow, and blue constitute 
white light, the color of every point of the spectrum may be 
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considered as consisting of the predominating color at way 
point mixed with white lig^t In the red space there is move 
red than is necessary to make white light with the small poi^ 
tions of yellow and blue which exist there ; in the yellow 
i^xLce there is more yellow than is necessary to make white 
light with the red and blue ; and in the part of the blue space 
which appears violet there is more red than yellow, and 
hence the excess of red forms a violet with the hlua 

3. By absorbing the excess of any color at any point of the 
iqpectrum above what is necessary to form white li^t, we 
may actually cause white light to appear at that point, and 
this white light will possess the remarkable property of re* 
maining white after any number of refractions, and of being 
decomposable only by absorption. Such a white light I have 
succeeded in developing in different parts of the spectrum. 
These views harmonize in a remarkable manner with the 
hypothesis of three colors, which has been adopted by many 
philosophers, and which othen had rejected from its mcom- 
patibility with the phenomena of the spectrum. 

The existence or three primary colors in the spectrum, and 
the mode in which they produce by their combination the 
seven secondary or compound cobrs which are developed by 
the prism, will be understood from fig. 51. where M Pf is the 
prismatic spectrum, consisting of three primary spectra of the 
same lengths, M N, viz. a redt a yellow^ and a blue spectrum. 
The red spectrum has its maximum intensity at R ; and this 
intensity may be represented by the distance of the point R 
from MN. The intensity declmes rapidly to M and slowly 
to N, at both of which points it vanishes. The yeUow speo- 

Fig.Sh 




tram has its maximum intensity at Y, the intensity declining to 
zero at M and N ; and the blue has its maximum intensity at 
B, declining to nothmg at M and N. The general curve 
which represents the total illumination at any pomt will be 
outside of these three curves, and its ordinate at any point 
will be equal to the sum of the three ordinates at the same 
point TTius the ordinate of the general curve at the point Y 
win be equal to the ordinate of Sie yellow curve, which we 
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nMj mppose to be 10» added to that of the red curve, whieir 
may be », and that of the blue, which may be 1. Hence the 
general otdinate will be 13. Now, if we suppoae that 3 partp 
of yellow, 2 of red, and 1 of blue make white, we dmll havt 
the color at Y equal to 3+ 2-h 1* equal to 6 parts c£ wbit» 
mixed with 7 parts of yellow ; that is, the compound tint ai 
Y will be a bright feUow without any trace of red or biua 
As these colors all occupy the same place in the spectrun^ 
they cannot be separated by the prism; and if we could find 
a colored glass which would absorb 7 parts of the yellow, we 
flboold obtam at the point Y a white Kght which the prism 
oould not decompose.*^ 
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Im the preceding observations, we have considered the jm 
matic speM^tnim, K htfig. 50., as product by a prism (rf'glaai 



having a given refracting angle, BAG. The green ray, on 
g G, which, being midway between g K and ^ L, is called 
the mean ray of the spectrum, has been refracted from P to 



G, or througn an angle of deviation, P ^ G, which is called 
the mean refiraction or deviation, produced by the prism. If 
we now increase the angle B A C of the prism, we shall in- 
crease the refraction. The mean ray ^ G will be refracted 
to a greater distance from P, and the extreme rays ^ L, ^ E, 
to a greater distance in the same pnMxntion ; that iajif gG 
is renracted twice as much, g L and g K will also be refracted 
twice as much, and consequently the length of the spectrum 
K L will be twice as freat For the same reason, if we 
diminish the angle BAG of the prism, the mean refraction 
and the spectrum will diminish in the same proportion ; but, 
whatever be the angle of the prism, the length EL will al- 
wi^s bear the same proportion to G P, the mean refraction. 

Sir Isaac Newton supposed that prisms made of all sob- 
stances whatever, produced spectra bearing the same propor- 
tion to the mean refraction as prisms of glass ; and it is a re- 
markable circumstance, that a philosopher of such sagacity 
should have overlooked a j&ct so palpable, as that di&rent 
bodies produced spectra whose lengths were different, when 
the mean refraction was the same. 

The prism BAG being supposed to be made of crown 

♦ Bee Note III., by Am. ed., following the author*! Appendix. 
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gkuSf let^UB take another t/tJUnt glm99 or white erywUd^ with 
such a re&acting angle that, when placed in the positioa 
B A C, the light enters and qaits it at equal angles, and re- 
fracts the mean ray to the same point G. The two prisms 
ought, therefore, to have the same mean refraction. But when 
we examine the spectrum produced by the flint ^lass prism, 
we shall find that it extends beyond K and L, and is evidently 
longer than the spectrum produced by the crown glass prism. 
Hence Jlint glass is said to have a greater disversive power 
than crown glass, because at the same angle or mean relrac- 
tion it separates tiie extreme rays of the spectrum, ^ L, ^ K, 
fiuther from the mean ray g G. 

In order to explain more clearly what is the real measure 
of the dispersive power of a body, let us suppose that in the 
croton glass prism, BAG, the index of refiuction for the ex- 
treme violet ray, ^ E, is 1*5466, and that fat the extreme red 
ray, g L, 1*5256; then the difierence of these indices, or 
*Q208, would be a measure of the dispersive power of crown 
glass, if it and all other bodies had the same mean refraction : 
but ajs this is far from being the case, the dispersive power 
must be measured W the relation between '0206 and the 
mean refraction, or 1*5330, or to the excess of this above 
unity, viz., '5330, to which the mean refraction is always pro- 
portional For the purpose of making this clearer, let it be 
required to compare the dispersive powers of diamond and 
crown glass. The index of refracticm of diamond for the ex- 
treme violet ray is 2*467, and for the extreme red, 2*411, and 
the difference of these is '0560, nearly three times as great as 
•0206, the same difference for crown glass; but then the di^ 
ference between the sines of incidence and refraction, or the 
excess of the index of refraction above uni^, or 1*439, is also 
about three times as great as the same difference in crown 
glass, viz., *5330; and, consequently, the dispersive power of 
diamond is very little greater than that of crown glassi The 
two dispersive powers are as follows : — 



Crown Glass . . . Ijfjj = 0-0396 
Diamond .... ^'fJJ = 0*0388 
This similaritjr of dispersive power might be proved experi- 
mentally, by taking a prism of diamond, which, when placed 
at B A C in^. 50., produced the same mean refraction as the 
green ray g G. It would then be seen that the spectrum 
which it i>roduced was of the same length as that produced 
by the prism of crown glass. Hence the splendid colors 
which distinguish diamona from every other precious stono 
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are not lywin^ to ite high dkpermte power, bat to its gteti 
mean refraction. 

As the indices of refraction ffiven in oar table of refractive 
powere are nearly suited to the mean ray of the apectnim, 
we may, by the second column of the Table of the Dispersive 
Powers of Bodies, given in the Appendix, Na I., obtain the 
approximate indices of refractioa w the extreme red and the 
extreme violet rays, by adding half of the number in the col- 
umn to the mean index of rmction for the index of refrac- 
tion of the violet, and subtracting half of the same number 
for the index of the red ray. The measures in the table are 
given for the ordinary light of day. . When the sun*s light is 
used, and when the eye is screened from the middle rays of 
the spectrum, the red and violet may be traced to a much 
greater distance from the mean ray of the spectrum. 

When the index of refraction kr the extreme ray is thus 
known, we may determine the position and lengUi of the 
spectra produced by prisms of different substances, whatever 
be their refracting angle, whatever be the positions of the 
prism, and whatever be the distance of the screen on whidi 
the spectrum is received. 

If we take a prism of crown glass, and another c^ flint 
glass, with such refracting angles that they produce a spec- 
trum of precisely the same lencrth, it will be KNmd, that when 
the two prisms are placed togemer with their refracting angles 
in opposite directions, they will not restore the refracted pencil 
to the state c^ white light, as happens in the combination of 
two equal prisms of crown or two equal prisms of flint glass. 
The white light P,^^. 50., will be tinged on one side with 
jwrpie, and on the other with green light This is called the 
•econdary spectrum, and the colon secondary cohrs ; and it 
is manifest that they must arise from the colored spaces in the 
spectrum of crown glass not being equal to those in the spec- 
trum of flint glass. 

In order to render this curious property of the spectrum 
very obvious to the eye, let two spectra df equal length be 
formed by two hollow prisms, one containing otf of cassia, 
and the other sulphuric acid. The oil of cassia spectrum will 
resemble A B, jtf^. 52., and the sulphuric acid spectrum C D. 
In the former, the red, orange, and yeUow spaces are less than 
in the latter, while tiie blue, indtgo, and violet spaces are 
greater; the least refrangible rays l^ing, as it were, contract- 
ed in the former and expanded m the latter, while the most 
refrangible rays are expanded in the one and contracted in the 
other. In consequence of this difierence in the colored spaces, 
the middle or mean ray m n does not pass through the same 
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color in both spectra. In the ot? of easnm ap e cUum km m 
the blue space, and in the sulphuric add a p eclnun it ii in Um 
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green space. As the colored spaces have not the sune ratio 
to one another as the lengths of the spectra which they com* 
pose, this property has been called the irrationality cf ditper* 
siouj or of the colored spaces in the spectrum. 

In order to ascertain whether any prism contracts or ex- 
pands the least refrangible rays more than another, or which 
of them acts most on green light, take a prism of each with 
such angles that they correct each other's dispersion as much 
as possible, or that they produce spectra of the same length. 
If; through the prisms placed with their refracting angles in 
opposite directions, we look at the bar of the win£>w parallel 
to the base of the prism, we shall see its edges perfectly free 
from color, provided the two prisms act equally upon green light 
But if they act differently on green light, the bar will have a 
fringe of purple on one side, and a fringe of pfreen on the 
other ; and the green fringe will always be on the same side 
of the bar as the vertex en the prism which contracts the yel- 
low space and expands the blue and violet ones. That is, if 
the prisms are flint and crown glass, the uncorrected green 
fringe will be on the lower side of the bar when the vertex of 
the flint glass prism points downwards. Flint glass, therefore, 
has a less action upon green light than crown glai^ and con- 
tracts in a greater degree the red and yellow spaces. Se«» 
Appendix, No. II. 

G 
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CHAP. IX. 

OS THB nundnjE or acbbomatic tklesoofesl 

In treating of the progresB of rays through lenaes, it was 
taken for granted that the light was hooopgeneous, and that 
every ray that had the same angle of incidence had alao the 
same angle of refractbn ; or, what is the same thing, that 
every ray which fell upon the lens had the same index of re- 
fraction. The observations in the two preceding chapters 
have, however, proved that this is not true, and that, in the 
case of light &Uing upon crown glass, there are rays with 
every possible index of refraction from 1*5258, the index of 
refraction for the red, to 1*5468, the index of refraction for the 
violet rays. As the light of the son, by which all the bodies 
of nature are rendered visible, is white, this property of light, 
viz. the different refrangibility of its* parts, af^ts greatly the 
formation of images by lenses of all kind& 

In order to explain this, let L L be a conv^ lens of crown 
glass, and R L, R L rays of white light incident upcm it paN 

Fig. S3, 




a. lei to its axis R r. As each ray R L of white light consists 
of seven differently colored rays having different degrees of 
refrangibility or different indices of refraction, it is evident 
that all the rays which compose R L cannot possibly be re- 
fracted in the same direction, so as to fall upon one point The 
extrenje red rays, for example, in R L, R L, whose index of 
refraction is 1*5259, if traced through the lens by the method 
formerly given, will he found to have their focus in r, and C r 
ivill be the focal length of the lens for red rays. In like 
manner the extreme violet rays, which have a greater index 
of refraction, or 1*5466, will be refracted to a focus v much 
nearer the lens, and C w will be the focal length of the lens 
for violet rays. The distance v r is called thev chromatic aber- 
ration, and the circle whose diameter is a 6 passing through 
the focus of the mean refrangible rays at o, is called the circle 
of least aberration. 

These effects may be shown experimentally by exposing the 
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iens L L to the peiallel raya of the sun. If we receive the 
image of the sun on a piece of paper placed between o and C, 
the luminous circle on the pap«r will have a red border, be- 
cause it is a section of the cone L a 6 L, the exterior rays of 
which L a, L 6 are red ; but if the paper is placed at any 
greater distance than o, the luminous circle on the paper wiU 
have a violet border, because it is a section of the cone I ahl\ 
the exterior rays of which a < , 6 T are violet, being a contin- 
uation of the violet rays L v, L v. As the spherical aberration 
of the leas is here combined with its chromatic aberilition, 
the undisguised effect of the latter will be better seen by 
taking a large convex lens L L, and covering up all the cen- 
tral {Murt, leavin^r only a small rim round its circumference at 
L L, through which the rays of light may pass. The refrac- 
tion of the difierently colored rays will be then finely dis- 
played by viewing the image of the sun on the different sides 
of ah. 

It is clear from these observations tiiat the lens wiU form a 
violet image of the sun at v, a red image at r, and images of 
the other colors in the spectrum at intermediate points be- 
tween r and v ; so that if we place the eye behind these 
images, we shaU see a confused image, possessing mxte of 
that sharpness and distinctness which it would have had if 
formed only by one kind of rays. 

The same observations are true of the refraction of white 
light by a concave lens ; only in this case the parallel rays 
which such a lens refracts diverge, as if they proceeded from 
s^nrate foci, v and r, in front of the lens. 

If we now place behind L L a concave lens G G of the 
same glass, and having its sur&ces ground to the same cur- 
vature it is obvious iSat since v is its virtual focus for violet, 
and r its virtual focus for red rays, if the paper is held at a 6, 
the focus of the mean refiran^ble rays, where the violet and 
red rajTS cross at a and 6, the image will be more distinct than 
in any other position ; and when rays converge to the focus of 
any concave lens, they will be refracted into parallel direc- 
tions; that is, the concave lens will refiract these converging 
rays into the parallel lines G2, G {, and they will again form 
white light That the red and %M^ rays will be thus re- 
united in one, viz. G {, may be proved by projecting them ; but 
it is obvious also fiom the consideration that the two lenses 
L L, G G actually form a piece of parallel glass, the outer 
concave surface of G G being parallel to the outer convex sur- 
face of L L. 

(67^ But though we have thus corrected the color produced 
by L L, by means of the lens G G, we have done this by a 
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oteleM oombinBtkm ; mace the two together act only like a 
piece of plane gkn, and are incapaUe of forming an image. 
If we make the concave lens G G, however, of a longer focua 
than L L, the two together will act as a convex lens, and will 
form images behind it, as the rave G Z, G Z will now converge 
to a focus behind L L. But as tne chromatic aberration of the 
lens G G will now be less than that of L L, the one will not 
correct or compensate the other ; so that the difference be- 
tween the two aberrations will still remain. Hence it is im- 
possiMe, by means of two lenses of the same gUuSt to form 
an image which shall be free from cobr. 

As mr Isaac Newton believed that all substances whatever 
produced the same quantity of color, or had the same chro- 
matic aberration when formed into lenses, he concluded that 
it was impossible, by the combinati<ni of a concave with a con- 
vex glass, to produce refraction without color. But we have 
alreidy seen that the premises from which this conclusion was 
drawn are iooorrect, smd that bodies have different dispersive 
powers, or produce different degrees of color at the same mean 
refraction. Hence it follows that different lenses may produce 
the same degree of color when they have different food 
lengths ; so timt if the lens L L is made of croion glass, whose 
index c^ refraction is 1'519, and dispersive power 0'036, and 
the lens G G of flint glass, whose index of refraction is 1*580^ 
and di^rsive power 0*0993, and if the focal lenffth of tiie 
convex prown-glass lens is made 4) inches, and that of the 
concave flint-glass lens 7f inches, they will form a lens with a 
focal length of 10 inches, and will refract white light to a 
single focus free of color. Such a lens is called an achro- 
matie lens ; and when used as a telescope, with another glass 
to magnify the colorless image which it forms of distant ob- 
jects, it Gcxistitutes the ocftromaftc tdescope, one of the 
greatest inventions of the last century. Although Newton, 
reasQninjr from his imperfect knowledge of the dispersive 
power of bodies, pronounced such an invention to be hopeless; 
yet, in a short time after the death of that great philosopher, 
It was accomplished by a Mr. Hall, and s^rwards by Mr. 
Dollond, who brought it to a high de^ee of perfection. 

The image formed by an aclut>matic lens thus constructed 
would have been perfect if the equal spectra formed by the 
crown and flint glass were in every respect similar : but as 
we have seen that the colored spaces in the one are not equal 
to the colored spaces in the other, a secondary spectrum is 
left ; and therefore the images of all luminous objects, when 
seen through such a lens, will be bordered on one side with a 
pvrple fringe, and on the other with a green fringe. If two 
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substances could be found of difierent refractive and dispersive 
powers, and capable of producing equal spectin, in which the 
colored spaces were equal, a perfect achromatic lens would be 
produced : but, as no such substances have y^et been fbund, 
philosophers have endeavored to remove the imperfection by 
other means ; and Doctor Blair had the merit of surmounting 
the difficulty. He found that muriatic acid had the property 
of producing a primary spectrum, in which the green rays 
were among the most refrangible, something like CD, Jig. 52., 
as in crown glass. But as muriatic acid has too low a refrac- 
tive and dispersive power to fit it for being used as a concave 
lens along with a convex one of crown glass, he therefore 
conceived the idea of increasing the refractive and dispersive 
powers of the mur'atic acid, by mixing it with metallic solu- 
tions, such as muriate of antimony ; and he fbund he could do 
this to the requisite extent without altering its law of disper- 
sion, or the proportion of the colored spaces in its spectrum. 
By inclosing, therefore, muriate of antimony, L L, between 
two convex lenses of crown glass, as A B, C D in Jig, 54., 
Doctor Blair succetJed iu refracting parallel rays R A, R B 



Bf.T) 
to a single focus F, without the least trace of secondary 
color. Before he discovered this property of the muriatic 
acid, he had contrived another, though a more complicated 
combination, for producing the same effect ; but as he prefer- 
red the combination which we have described, and employed 
it in the best aplanatic object-glasses which he constructed, it 
19 unnecessary to dwell any longer upon the subject 

In these observations^ we have supposed that the lenses 
which are combined have no spherical aberration ; but though 
this is not the case, the combination of concave with convex 
surfaces, when properly adjusted, enables us completely to 
correct the spherical along with the chromatic aberration of 
lenses. 

In the course c^ an examination of the secondary spectra 
produced by different combinations, I was led to the conclu- 
sion that there may be refraction without color, by meuis of 
two prisms, and Hmt two lenses may converge white light to 
G2 
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one fbeuii even though the prims wid-the lenses are made of 
the same kind of glm, W hen one prism of a different angle 
is thus made to correct the dispersion of another prism, a ter- 
tiary tpeetrum is produced, which depends wholly cm the 
angles at which the light is refracted at the two sur&ces of 
the prisms. See Treatise on New Philoeopkical hutruF' 
mente, p. 400. 



CHAP. X. 

ON THE PHYSICAL PROPKRTISS OF THB BPECmUM. 

(68.) Ih the preceding chapter we have considered only 
those general properties of the solar spectrum on which the 
constructi<»i of achromatic lenses depends. We shall now 
proceed to take a general view of all its physical properties. 

On the Eocistence of Fixed Lines in the Spectrum. 

In the vear 1802, Dr. WoUaston announced that in the 
spectrum formed by a fine prism of flint glass, free from veins, 
when the luminous object was a slit, the twentieth of an inch 
wide, and viewed at the distance of 10 or 12 feet, there were 
two fixed dark lines, one in the green and the other in the 
blue space. This discovery did not excite any attention, and 
was not followed out by its ingenious author. 

Without a knowledge of Dr. Wollaston*8 observatfon, the 
late celebrated M. Fraunhof^, of Munich, by viewing through 
a telescope the spectrum formed from a narrow line of solar 
light by the finest prisms of flint glass, discovered that the 
surface of the spectrum was crosed throughout its whole 
length by dark lines of different breadths. None of these lines 
coincide with the boundaries of the colored spaces. They are 
nearly 600 in number : the largest of them subtends an angle 
of from 5" to 10". From their distinctness, and the fecility 
with which they may be found, seven of these lines, viz. 
jB, C, D, E, F, 6, H, have been particularly distinguished by 
M. Fraunhofer. Of these B lies in the red space, near its 
outer end ; C, which is broad and Uack, is beyond the middle 
of the red ; D is in the orange, and is a strong double line, 
easily seen, the two lines bemg nearly of the same size, and 
separated by a bright one; E is in the green, and consists of 
several, the middle one being the strongest; F is in the bltie, 
and is a very strong line ; G is in the indiffo, and H in the 
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videL Besides these lines there are others which deserve to 
be noticed. At A is a well defined dark line wiUiin the red 
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space, and half-way between A and B is a groap of seven or 
eight, forming together a dark band. Between B and C there 
are 9 lines ; between C and D there are 80; between D and 
E there are 84 of difibrent sizea Between £ and b there are 
M, at & there are three very strong lines, with a fine clear 
apace between the two widest ; b^ween 6 and F there are 
52; between F and G 185; and between G and H 190, 
many being accumulated at G. 

These lines are seen with equal distinctness in spectra pro* 
duced by aU solid and fluid bodies, and, whatever be the 
lengths of the spectra and the proportion of their colored 
spaces, the lines preserve the same relative position to the 
boundaries of the colored spaces ; and therefore their propor- 
tional distances vary with the nature of the prism by which 
they are produced. Their number, however, their order, and 
theu" intensity are absolutely invariable, provided light coming 
either directly* or indirectly from the sun be employed. 
Similar bands are perceived in the light of the planets and 
^ fixed stars, of colored flames, and of the electric spark. The 
spectra from the light of Mars and from that of Venus con- 
tain the lines D, £, 6, and F in the same positions as in sun- 
light In the spectrum from the light of Sirius, no fixed 
lines could be perceived in the orange and yellow spaces ; but 
in the green there was a very strong streak, and two other 
very strong ones in the blue. They had no resemblance, 
however, to any of the lines in planetary light The star 
Castor gives a spectrum exactly like that of Sirius^ the 
streak in the green being in the veiy same place. The 
streaks were a&) seen in the blue, but Fraunhofer could not 
ascertain their place. In the spectrum of Pollux there were 
many weak but fixed lines, which looked like those in Venus. 

♦ Fraunhofer fonnd the very same liifes in moonlight. 
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It had tbe line D, fv example, in tbe very same place as in 
the light of the planets. In the spectrum of Capella the 
lines D and b are seen as in the son's light The spectrum 
of BetdUffeus contains nomeroas fixed Imes sharply defined, 
and those at D and b are precisely in the same places as in 
sun-light It resembles the spectrum (^ Venus. In the spec- 
trum of Procyon Fraunhofer saw the line D in the orange ; 
but though he observed other lines, yet he coold not deter- 
mine their place with any degree of accuracy. In the spec- 
trum of electric light there is a great number of bright lines. 
The spectrum from the light of a lamp corUainB none of the 
dark fixed lines seen in the spectrum from sun-light; but 
there is in the orange a bright line which is more distinct 
than the rest of the spectrum. It is a double line, and oc- 
curs at the same place where D is ibund in the solar spec- 
trum. The spectrum from the light of a flame maintained by 
the blowpipe contains several distinct bright lines.* 

(69.) One of the most important practical results of the 
discovery of these fixed lines in the solar spectrum is, that 
they enable us to take the most accurate measures of the 
refractive and dispersive powers of bodies, by measuring 
the distances of the lines B, C, D, &c. Fraunhofer com- 
puted the table of the indices of refraction of different sub- 
stances, given in the Appendix, No. III. From the numbers 
in the table here referred to we may compute the ratios of 
the dispereive powers of any two of the substances, by the 
method already explained in a preceding chapter. 

On the lUuminating Power of the Spectrum, 

(70.) Before the time of M. Fraunhofer, the illuminating 
power of the different parts of the spectrum had been given 
only from a rude estimate. By means of a photometer he ob- 
tained the following results : — 

The place of maximum illumination he found to be at M, 
fig, 55., so situated that D M was about one third or one 
fourth of D E ; and therefore this place is at the boundary of 
the orange and yellow. Calling the illuminating power at M, 
where it is a maximum, 100, then the light of other points 
will be as follows : — 

Light at the red extremity - 0*0 
— — ^— B »»-»»- 3*2 

C 9-4 

D 64-0 

Maximum light at M - 100-0 
Light at E 48-0 



Light at F ... - 17*00 

G - - - - 310 

H - - - - 0*56 



the violet ex- \ 



tremity - - - \ 



* 9<'0 The Edinhvrffh Jnvrval of Science, No. XV. p. 7. 
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Calliiig th« inteqaity of the light in the farisiiteft ipte^ D E 
100, Fnii9i>hc^ef found the light to have the Mowing intmal^ 
in the other spaces :—r 
IntensitT of light in BC - S*l 

.CD 29^ 

DE 100-0 



Intensity of light in EF 33-8 

FG 18-5 

GH 3-5 



From these results it follows that, in the spectrum exam- 
ined hy Fraunhofer, the most Imninous ray is nearer the red 
than the violet extremity in the proportion of 1 to 3*5, and 
that the mean ray is almost in the middle of the blue space. 
As a greed part, however, of the violet extremity of the spec- 
trum is not seen under ordinary circumstances, these results 
cannot he applied to spectra produced under such circum- 
stances. 

On t,he HefUing Power of the Spectrum. 

(71.) It had always heen supposed hy philosophers that the 
heating power in the spectrum would be proportional to the 
quantity of light; and Landriani, Rochon, and Sennebier, 
found the yeUow to be the warmest of the colored spaces. Dr. 
Herschel, however, proved by a series of experiments that the 
heating power gradually increased from the violet to the red 
extremity of the spectrum. He found also that the thermome- 
ter continued to rise when placed beyond the red end of the 
spectrum, where not a single ray of light could be perceived. 

Hence he drew the important conclusion, that there were 
invisible rays in the light of the sun, which had the power of 
producing heat, and which had a less decree of r^rangibil- 
ity than red light. Dr. Herschel was desirous of ascertaining 
the refrangibility of the extreme invisible ray which possessed 
the power of heating, but he found this to be impracticable ; 
and he satisfied himself with determining that, at a point 1^ 
inches distant trom the extreme red ray, the invisible rays ex- 
erted a considerable heating power, even though the ther- 
mometer was placed at the distance of 52 inches from the 
prism. 

These results were confirmed by Sir Henry Englefield, who 
obtained the following measures: — 



Blue 56° Red . . . . 72^ 

Green 58 Beyond red . . 79 

YeDow .... 62 

When the thermometer was returned from beyond the red 
into the red, it fell again to 1^. 
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M. BemidobCuned analogous meajBQies; but he fbondtfaat 
the majdmom of heat was at the veiy eztiemitj of the red 
rays when the bulh of the thermometer was completely oo¥- 
ered by them, and that beyond the red space the heat was 
only one fifth above that of the ambient air. 

Sir Humphry Davy ascribed Besard's xesnlts to his using 
thermometers with circular bulbs, and of too large a size ; and 
he therefore repeated the experiments in Italy and at Geneva, 
with very slender thermometers, not more than one twelfth of 
an inch m diameter, with very long bulbs filled with air con- 
fined by a colored fluid. The result of these experiments was 
a confirmation of those of Dr. HerscheL* 

M. Seebeck, who has more recently studied this subject, has 
shown that the place of maximum heat in the spectrum varies 
with the substance of which the prism is made. The follow- 
ing are his results : — 



Water Yellow. 

Alcohol Yellow. 

Oil of turpentine Yellow 

Sulphuric acid concentrated . . Orange. 

Solution of sal^mmoniac . . . Orange. 

Solution of corrosive sublimate . Orange. 

Crown glass Middle of the red. 

Plate glass Middle of the red. 

Hint glass Beyond the red. 

The observations on alcohol and oil of turpentine were 
made by M. WunscLf 

On the Chemical Influence of the Spectrum. 
(72.) It was long a^o noticed by the celebrated Scheele, 
that muriate of silver is rendered much blacker by the violet 
than by any of the other rays of the spectrum, in 1801, M. 
Ritter of Jena, while repeating the experiments of Dr. Her- 
schel, found that the muriate of silver became very soon black 
beyond the violet extremity of the spectrum. It became a 
little less blackened in the violet itself, still less in the blue, 
the blackening growing less and less towards the red ex- 
tremity. When muriate of silver a little blackened was used, 
its color was partly restored when placed in the red space, and 
still more in the space of the invisible rays beyond the red. 
Hence he concluded that there are two sets of invisible rays 

♦ See Edinburgh Eneyelopa:dia, vol. x. p. 69., where they were first pub- 
Usbed, as communicated to me by Sir Humphry. 

t For the recent observations of Signor Melloni, see Not© IV. of Am. ed. 
which foUows author's Appendix. 
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in the solar spectrum, one on the red side which fkvan oxy- 
genation, and the other on the violet side which &vors dis- 
osygenatbn. M. Ritter also found that phosphorus emitted 
white fumes in the invisible red ; while in the lAvisibie violet, 
phosphorus in a state of oxygenation was instantly extin- 
guished. 

In repeating the experiments with muriate of silver, M. 
Seebeck found that its color varied with the colored space in 
which it was held. In and beyond the violett it was reddi$h 
brawn ; in the blue^ it was Uue or Uuish grey ; in the yelUno^ 
it was white, either unchanged or faintly tinged with yeUow ; 
and in and beyond the red it was red. In prisms of flint glass, 
the muriate was decidedly colored beyond the limits of the 
spectrum. 

Without knowing what had been done by Ritter, Dr. Wol- 
laston obtained the very same results respecting the action of 
violet light on muriate of silver. In continuing his experi- 
ments, he discovered some new chemical effects oS light upon 
eum giMiacum, Having dissolved some of this gum in alcp- 
faol, and washed a card with the tincture, he exp<»ed it in the 
different colored spaces of the spectrum without observing 
any change of color. He then took a lens 7 inches in diame- 
ter, and having covered the central part of it so as to leave 
only a ring of one tenth of an inch at its circumference, he 
could collect the rays of any color in a focus, the focal di»- 
laiice being about 24^ inches for yellow light The card 
washed wiSi guaiacum was then cut in small pieces, which 
were placed in the difierent rays concentrated by the lens. In 
the violet and blue rays it acquired a green color. In the 
yeilmo no effect was produced. In the red rays, pieces of the 
card already made green lost their green color, and were re- 
stored to their original hue. The guaiacum card, when placed 
in carbonic acid gas, could not be rendered green at any dis- 
tance from the lens, but was speedily restored from green to 
vellow by the red raya Dr. Wollaston also found that the 
back of a heated silver spoon removed the green color as e& 
fectually as the red rays. 

On the Magnetizing Potoer of the Solar Rays, 

(73.) Dr. Morichini, more than twenty years ago, announced 
that the violet rays of the solar spectrum had the power of 
magnetizing small steel needles that were entirely free from 
magnetism. This effect was produced by collecting the violet 
rays in the focus of a convex lens, s^nd carrying the focus of 
those rays from the middle of one half of the needle to the 
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extremities of that half, withoat toacfaing the other halC 
When this opeiation had been performed for an hour, th6 
needle had acquired perfect polariU. MM. Carpa and Ridolfi 
repeated this experiment with perrect sttccesB ; and Dr. Mori- 
chini ma^etizad several needles in the presence of Sir H. 
Davy, Professor Play&ir, and other English philosophers. M. 
Beraid at Montpelier, M. Dhombre Finnas at Alais, and pro- 
fessor Configliachi at Pavia, having foiled in producing the 
same effects, a doubt was thus cast over the accuracy of pre> 
ceding researches. 

A fow years ago, Dr. Morichini's experiment was restored 
to credit by some ingenious experiments by Mrs. Somerville. 
Having covered with paper half of a sewing needle, about an 
inch long, and devoid of magnetism, and exposed the other 
half uncovered to the violet rays, the needle acquired mag- 
netism in about two hours, the exposed end exhibiting norai 
polarity. The indigo rays produced nearly the same efibct, 
and tlie blue and green produced it in a less degree. When 
the needle was excised to the yellow, orange, r^ or calorific 
rays beyond the red, it did not receive the lightest magetism, 
although the exposures lasted for three day& Pieces of clock 
and watch springs gave similar results ; and when the violet 
ray was concentrated with a lens, the needles, &c., were 
magnetized in a shorter time. The same e^cts were pro- 
duced by exposing the needles half covered with paper to the 
sun's rays transmitted through glass colored blue with cobalt 
Green ^lass produced the same eflfect The liffht of the sun 
transmitted through blue and green riband produced the same 
eSed as through colored glass. When the needles thus cov- 
ered had hung a day in the sun's rays behind a pane of glass, 
their exposed ends were north poles, as formerly. 

In repeating Mrs. Somerville's experiments, M. Baumgart- 
ner of Vienna discovered that a steel wire, some parts of 
which were polished, whUe the rest were without lustre, be- 
came magnetic by exposure to the white light of the sun ; a 
north pole appeanng at each polished part, and a south pole at 
each unpolished part The effect was hastened by concen- 
trating the solar rays upon the steel wire. In this way he ob- 
tained 8 poles on a wire eight inches long. He was not able 
to magnetize needles perfectly oxidated, or perfectly polished, 
or having polished lines in the direction of their lengths. 

About the same time, Mr. Christie of Woolwich found that 
when a ma^etized needle, or a needle of copper or glass, vi- 
brated by the force of torsion in the white light of the son, 
the arch of vibration was more rapidly diminished in the sun's ' 
light than in the shade. The effect was greatest on the mag- 
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netized zieedfe. Hence he concltides that the compouDcl solar 
tays possess a very sensible magnetic influence. 

These results have received a very remarkable confirmation 
from the experiments of M. fiarlocci and M. ZantedeschL 
Professor Barlocci ibund that an armed natural loadstone, 
which could carry 1^ Roman pounds, had its power nearly 
doubled by twenty-four hours* exposure to the strong light of 
the sun. M. Zantedeschi found that an artificial horse-shoe 
loadstone, which carried 13^ oz., carried 3^ more by three 
days* exposure, and at last supported 31 oz., by continuing it 
in the sun*s light He found, that while the strength in- 
creased in oxidated magnets, it diminished in those which 
were not oxidated, the diminution becoming insensible when 
the loadstone was highly polished. He now concentrated the 
solar rays upon the loadstone by means of a lens ; and he 
found that, both in oxidated and polished maf nets, they ac- 
quire strength when their north pole is exposed to the sun's 
rays, and hse strength when the south pole is exposed. He 
found likewise that the augmentation in the first case ex- 
ceeded the diminution in t£e second. M. Zantedeschi re- 
peated the experiments of Mr. Christie on needles vibrating 
in the sun's light ; and he found that, by exposing the nortli 
pole of a needle a foot long, the semi-amplitude of the last 
oscillation .was. 6° less than the first ; while, by exposing the 
south pole, the last oscillation became greater than the first 
M. Zantedeschi admits that he often encountered inexplicable 
anomalies in these experiments.'*' 

Decisive as these results seem to be in fiivor of the mag- 
netizing power both of violet and white light, yet a series of 
apparently very well conducted experiments have been lately 
published by MM. Riess and Moser,t which cast a doubt over 
the researches of preceding philosophers. In these experi- 
ments, they examined the number of oscillations pprformed in 
a given time before and after the needle was submitted to the 
influence of the violet rays. A focus of violet light concen- 
trated by a lens 1*2 inches in diameter, and 2*3 inches in focal 
length, was made to traverse one half of the needle 200 
times ; and though this experiment was repeated with differ* 
ent needles, at diflerent seasons of the year, and different 
hours of the day, yet the. duration of a given number of oscil- 
lations was almost exactly the same after as before the experi- 
ment Their attempts to verify the results of Baumgartner 
were equally fruitless ; and they therefore consider themselves 

* Edinhirgh Jmmal tf Seienee, New Series, No. V., p. 75. 
t Id No. IV., p 335. 

H 
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as entitled to rtyect MaUy a Suconery^ which for teventeen 
years hus at different times disturbed science. '' The small 
variational" they observe, ** which are found in some of our 
experiments, cannot constitute a real action of the nature of 
that which was observed by MM. Morichini, Baumgartner, 
Amx, in so clear and decided a manner." 



CHAP. XL 

ON THE INFLEXION OK DIFFRACTION OF LIGHT. 

(74.) Having thus described the changes which light expe- 
riences when refracted by the surfaces of transparent bodies, 
and the properties which it exhibits when thus decomposed 
into its elements, we shall now proceed to consider the phe- 
nomena which it presents when passing near the edges c^ 
bodies. This branch of optics is called the inflexion or the 
diffr action of light 

This curious property of light was first described by Gri- 
raaldi in 1665, and afterwards by Newton ; but it is to the late 
M. Fresnel that we are indebted for a most successful and able 
investigation of the phenomena. 

In order to observe the action of bodies upon the light 
which passes near them, let a lens L L, of very short fbcuss 
fig, 56., be fixed in the window-shutter, M N, of a dark room ; 




and let R L L be a beam of the sun^s light, transmitted through 
the lens. This light will be collected into a focus at F, from 
which it will diverge in lines F C, F D, forming a circular 
image of light on the opposite wall. If a small hole, about 
the fortieth of an inch in diameter, had teen fixed in the win- 
dow-shutter in place of the lens, nearly the same divergent 
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beam of light would have been obtained. The shadows of all 
bodies whatever held in this light will be found to be sur- 
rounded with three fringes of the following colors, reckoning 
from the shadow : — 

Fint fringe. — ^Violet, indigo, pale blue, green, yellow, red. 

Second fringe. — Blue, yellow, red. 

Third fringe. — ^Pale blue, pale yellow, pale red. 

In order to examine these fringes, we may either receive 
them on a smooth white surface as Newton did, or adopt the 
method of Fresnel, who looked at them with a magnifying 
glass, in the same manner as if they had been an image 
formed by a lens. This last method is decidedly tlie best, as 
it enables the observer to measure the fringes, and ascertain 
the changes which they undergo under different circum- 
stances. 

Let a body B be now placed at the distance B F from the 
focus, and let its shadow be received on the screen C D, at a 
fixed distance from the body B, and the foDowing phenomena 
will be observed : — 

1. Whatever be the nature of the body B with regard to its 
density or refractive power, whether it is platina or the pith 
c^ a rush, whether it is tabasheer or chromate of lead, the 
fringes surrounding its shadow will be the very same in mag- 
nitude and in color, and the colors will be those given above. 

2. If the light R L is homogeneous light of the different 
colors in the spectrum, the fringes will be of the same color 
as the li^ht RL; and they wfll be broadest in red light, 
smallest m violet, and of intermediate sizes in the interme- 
diate colors. 

3. The body B continuing fixed, let us either brinff the 
screen CD nearer to B, or bring the lens with which we 
view the fnnges nearer to B, so as to see them at different 
distances behind B. It will be found that they grow less and 
less as they approach the edge of B, from which they take 
their rise. But if we measure the distances of any one fringe 
from the shadow at different distances behind B, we shall find 
that the line joining the same point of the fHnge is not a 
straight line, but a hyperbola whose vertex is at 3ie edge of 
the tody ; so that the same fringe is not formed by the same 
light at all distances from the body, but resembles a caustic 
curve formed by the intersection of different rays. . This cu- 
rious fact we have endeavored to represent in the figure by 
tiie hypertolic curves joining the edge of the body B and the 
fringes which are shown by dotted lme& 

4. Hitherto we have supposed that B has been held at the 
same distance from F ; but let it now be brought to 6, much 
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nearer F, and let the screen C D be brought to c <2, bo that 
bgia equal B G. . In this new position, where nothing has 
been changed but the distance from F, the fringes will be 
feund greatly increased in breadth, their relative distances 
from each other and from the margin of the shadow remain- 
ing the same. The influence of distance from the radiant 
point F on the size of the fringes, or on the quantity of 
mflexion, is shown in the following results obtained by M. 
Fresnel : — 



j 


Dlslaiwc of tha iBfl«eUii| 
body B brh!Bd th« n- 

di»m point F. 


body B or A. wh«ra Um in- 
flex inn waa meaauml. 


▲asnJw iDlUxtaa of tte nd my* 
at Um iint frtuce. 


Fb 
FB 


4 inches. 
20 feet 


39 inches. 
39 


12' 6" 
3 55 



When we consider that the fringes are largest in red, and 
smallest in violet li^^t, it is easy to understand the cause 
of their colors in white light; for the colors seen in this case 
arise from the superposition of fringes of all the seven colors; 
that is, if the eye could receive all the seven differently color- 
ed fringes at once, these colors would form by their mixture 
the actual colors in the fringes seen by white light Hence 
we see why the color of the first fhnge is violet near the 
shadow, and red at a greater distance ; and why the blending 
of the colors beyond the third fringe forms white light, in- 
stead of exhibiting themselves in separate tints. 

Upon measuring the proportional breadths of the fringes 
with great care, Newton found that they were as the num- 
bers 1, ^^, y^|, y/i, and their intervals in the same pro- 
portion. 

Besides the external fringes which surround "all bodies, 
Grimaldi discovered within the ^adows of long and narrow 
bodies a number of parallel streaks or fringes alternately light 
and dark. Their number grew smaller as the body tapered ; 
and Dr. Young remarked that the central line was always 
white, so that there must Always be an odd number of white 
stripes, and an even number of dark ones. At the angular 
termination of bodies these fringes widen and become convex 
to the central white line ; and when the termination is rect- 
angular, what are called the crested fringes of Grimaldi are 
proluced. 

The phenomena exhibited by substituting apertures (^ 
various forms in place of the body B are very interesting. 
When the aperture is circular, such ajs that fcH'med in a piece 
of lead with a small pin, and when a lens is placed behind it 
so as to view the shadow at different distances, the aperture 
will be seen surrounded with distinct rings, which contract 
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and dilate, and change their tints in the moat beaatifiil man- 
ner. When the apertare is one thirtieth of an inch, its dis- 
tance F B from the luminous point 6 feet 6 inches, and its 
distance from the focus dt the eye-lens, or B G, 24 inches, 
the following series of rings was observed : — 

1st order. White, pale yellow, yellow, orange, duU red. 

2J order. Violet, blue, whitish, greenish yellow, yellow, 
bright orange. 

'M order. Purple, indigo blue, greenish blue, bright green, 
yellow green, red. 

4th order. Bluish green, bluish white, red. 

5th order. Dull green, faint bluish white, faint red 

6tli order. Very faint green, very faint red. 

7th order. A trace of green and red. 

When the aperture B is brought nearer to the eye-lens 
whose focus is supposed to be at G, the central white spot 
oTows less and less till it vanishes, the rings gradually closing 
in upon it, and the centre assuming in succession the most 
brilliant tints. The following were the tints observed by 
Mr. Herschel ; the distance between the radiant point F and 
the focus G of the eye-lens remaining constant, And the 
aperture, supposed to be at B, being gradually brought nearer 
toG:— 



Distance 
of nper- 
tnrt B 
(rom the 
k-m. 



Color of tli« CcBtnl tpol. 



ChamrUr oT Ih* r1a|a vbiek nnwiad 



24 ill 
18 

135 

10 
925 
910 
8-75 
8-36 
800 
7-75 
7-00 
6-63 
6-00 
5-85 
5-50 
5O0 
4-75 
4-50 
4O0 
385 
3 501 



While. 

While. J 

Yellow. I 

Intense orange. 
Deep orange red. 
BriUiant bfood red. 
Deep crimson red. 
Deep purple. 
Very sombre violet. 
Intense indigo blue. 
Pure deep blue. 
Sky blue. 
Bluish white. 
Very pale blue. 
Greenish while. 
Yellow. 
Orange yellow. 
Scarlet. 
Red. 
Blue. 
Dark bluf». 



Rings as described above. 

First two rings confused. Red of 3d, and 

green of 4ih order, splendid. 
Inner rings diluted. Red and green of 

th« outer rings good. 
All the rin^ much diluted. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
•V broad yellow ring. 
A pale yellow ring. 
A rich yellow. 

A ring of orange, with a sombre space. 
Orange red, with a pale yellow space. 
A crimson red ring. 
Purple, with orange yellow. 
Blue, orange. 

Bright blue, orange red, pale yellow, white. 
Pale yellow, violet, pale yollow, white. 
White, indigo, dull orange, white. 
While, yellow, blue, dull red. 
Onni^e.' light blue, violet, dull orange. 
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Wlien two BmaU apeitoies are used instead of one» and the 
rioga examined hf the eye-lena as before, two sTBtems of 
rings wiU be seen, one round each centre; but, besides the 
rings, there is another set of firinges which, when the aper- 
tures are equal, are panllel rectilineal ihnffes equidistant 
from the two centres, and perpendicular to the line joining 
these centres^ Two other sets of parallel rectilineal fringes 
diverge in the form of a St Andrew's cross from the middle 
point between the two centres, and finrming equal angles be- 
tween the first set of parallel fringes. If the apertures are 
unequal, the two systems of rings are unequal, and the first 
snt of parallel fringes become hyperbolas, concave towards 
tlje smaller system of rings, and having the aperture in their 
common focus.* 

The finest experiments on this subject are those of Fraun- 
hofer ; but a proper view of them would require more space 
than we can spare.! 



CHAP. XIL 

ON THE COLORS OF THIN PLATiS. 

(75.) When light is either reflected from the surfiices of 
transparent bodies, or transmitted through portions of them 
with parallel surfkces, it is invariably white, fi)r all the dif- 
ferent thicknesses of such bodies as we are in the habit df 
seeing. The thinnest films of blown glass, and the thinnest 
films of mica generally met with, will both reflect and trans- 
mit white light If we diminish, however, the thickness of 
these two bodies to a certain degree, we shall find that, in- 
stead of giving white light by reflexion and transmission, the 
light is in both cases colored. 

Mr. Boyle seems first to have observed that thin bubbles of 
the essential oils, spirit of wine, turpentine, and soap and 
water, exhibited beautiful colors ; and he succeeded in blow- 
ing glass so thin as to show the same tints. Lord Brereton 
had observed the colors of the thin oxidated films which the 
action of the weather produces upon glass ; and Dr. Hooke 
obtained films so equally thin that they exhibited over their 
whole surfiice the same brilliant color. Such pieces of mica 
may be produced at the edges of plates quickly detached 
from a mass; but they may be more readily obtained by 

* Herschers TYeatise on Light, § 735. 

t Bee Edinburgh Encyclopedia, art. Optics, Vol. XV., p. 556. 
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Sticking one side of a plate of mica to a piece of seaiing'-waz, 
and tearing it away with a sudden jerk. Some extremely 
thin films will then be left on the wax, which will exhibit 
the liveliest colors by reflected light. If we could produce a 
film of mica with only one tenth part of the thlckn^ of that 
which produces a bright blue color, this film would reflect no 
light at all, and would appear black if viewed by reflexion against 
a black body. But though no such film has ever been obtained, 
or is likely to be obtained by any means with which we are 
acquainted, yet accident on one occasion produced solid fibres 
as thin, and actually incapable of reflecting light This very 
remarkable fact occurred in a crystal of quartz of a smoky 
color, which was broken in two. The two sur&ces of fracture 
were absolutely black; and the blackness appeared, at first 
sight, to be owing to a thin film of opaque matter which had 
insinuated itself into the crevice. T^ opinion, however, 
was untenable, as every part of the surface was black, and the 
two halves of the crystals could not have stuck together had 
the crevice extended across the whole section. Upon examin- 
ing this specimen with care, I found that the surface was per- 
fectly ta-ansparent by transmitted light, and that the blackness 
of the surfaces arose from their being entirely composed of a 
fine down of quartz, or of short and slender filaments, whose 
diameter was so exceedingly small that thev were incapable 
of reflecting a single ray of the strongest light The diameter 
of these fibres was so small, that, from principles which we 
shall presently explain, they could not exceed the one third 
of the millionth part of an inch. This curious specimen is in 
the cabinet of her grace the duchess of Gordon.* I have 
another small specimen in my own possession ; and I have no 
doubt that fractures of quartz and other minerals will yet be 
found which shall exhibit a fine down of difierent colors de- 
pending on their size. 

The colors thus produced by thinness, and hence called the 
cohrs of thin plates, are best observed in fluid bodies of a 
viscous nature. If we blow a soap-bubble, and cover it with 
a clear fflass to protect it fi*om currents of air, we shall ob- 
serve, aB«r it has grown thin by standing a little, a great 
many concentric colored rings round the top of it The color 
in the centre of the rings will vary with the thickness ; but 
as the bubble grows thinner the rings will dilate, the central 
spot will become white, then bluish, and then black, afler 
which the bubble will burst, from its extreme thinness at the 
place of the black spot The same change of color with the 

* See Edinburgh. Journal of Science, No. I., p. 108. 
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thickneav may be seen by placing a thick film of an evapora- 
ble fluid upon a clean plate of glass, and watching the eflSscts 
of the diminution of thickness which take place in the course 
of evaporation. 

The method used by Sir Isaac Newton for producing a thin 
plate of air, the colors of which he intended to investigate, is 
shown in fig, 57., where L L is a plano-convex lens, the 



radius of whose convex surface is 14 feet, and Ha double 
convex lens, whose convex surfaces have a radius of 5() feet 
each. The plane side of the lens L L was placed downwards, 
so as to rest upon one of the surfaces of the lens 1 1, These 
lenses obviously touch at their middle points; and if the 
upper one is slowly pressed against the under one, there will 
be seen round the point of contact a system of circular color- 
ed rings, extending wider and wider as the pressure is in- 
creased. In order to examine these rings under different 
degrees of pressure, and when the lenses L L, 2 / are at 
different distances, three clamp-screws, PtP^p, should be em- 
ployed, as shown in fig. 58., by turning which we -may pro- 
duce a regular and equal pressure at the point of contact 

When we look at these rings through the upper lens, so as 
to see those formed by the light reflected from the plate of air 
Fig. 58. between the lenses, we may observe 

seven rings, or rather seven circular 
spectra or orders of colors, as described 
by Newton in the first two columns of 
the following Table ; the colors being 
very distinct in the first three spectra, 
but growing more and more diluted in 
the others, till they almost entirely dis- 
appear in the seventh spectrum. 
When we view the plate of air by looking through the un- 
der lens 1 1 from below, we observe another set of rings or 
spectra formed in the transmitted light Only five of these 
transmitted rings are distinctly^ seen, and their colors, as ob- 
served by Newton, are given in the third column of the fbl- 
l(jwing table ; but they are much more fiiint than those seen 
by reflexion. By comparing the colons seen by reflexion with 
those seen by transmission, it will be observed that the coloi 
transmitted is always complementary to the one reflected, or 
which, when mixed with it, would make white light ' 
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The preceding colors are those which are seen when light 
is reflected and transmitted nearly perpendicularly ; bat Sir 
Isaac Newton found that when the light was reflected and . 
transmitted obliquely, the rings increased in size, the same 
color requiring a greater thickness to produce it The color 
of any film, Uierefore, will descend to a color lower in, or 
nearer the beginning of, the scale, when it is seen obliquely. 

Such are the general phenomena of the colored rinffs when 
seen by white light When we place the lenses in homoge- 
neous light, or make the diflerent colors of the solar spectrum 
pass in succession over the lenses, the rings, which are always 
of the same color as the light, will be found to be largest in 
red light, and to contract gradually as they are seen in all the 
succeedingr colors, till they reach their smallest size in the 
violet rays. Upon measuring their diameters, Newton found 
them to have the following ratio in the diflerent colors at their 
boundaries : — 



■xtnme K«d. Onnfe. 



▼ioteC Bztrane. 



Since white light is composed of all the preceding colors, the 
rings seen by it will consist of all the seven diflferentl)r color- 
ed systems of rings superposed as it were, and forming, by 
their union, the different colors in the Table. In order to 
explain this, we have constructed the annexed diagram, fig, 
59., on tlie supposition ^t each ring or spectrum has the 

Fig. 59. 




same breadth in homogeneous light which it actually has 
when it is formed between siuiaces nearly flat, or when 
the thickness of the plate varies with the distance from the 
point of contacf" Let us then suppose that we form such a 



* This luppoflition is made in order to tiniplify the diagram. 
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sTstem of rings with the seven colors of the spectrum, and 
that a sector is cut out of each ^stem, and placed, as in the 
figure, round the same centre C. Let the angle of the red 
sector be 50°, of the orange 30<^, the yellow AKP, the green 
60°, the blue 60°, the indigo 40°, and the violet 80S beioff 
36U^ in all, so as to complete the circle. From the centre C 
set off the first, second, and third rings in all the sectors, with 
radii corresponding to the values in the preceding small 
Table. Thus, since the proportional diameters of the ex* 
treme red and the extreme orange are 1 and 0-924, the mid- 
dle of the red will be in the mid(3e between these numbers, 
or 0*962 ; and consequently the proportional diameter, or the 
radius of the first red ring for the middle of the red space R, 
will be 0*962. In like manner, the radius for the orange will 
be 0-904, for the yellow 0-855, for the green 0-794, for the 
blue 0-737, for the indigo 0*696, and for the violet 0-655. Let 
the red rings be colored red as they appear in the experiment, 
the orange rings orange, and so on, each color resembling that 
of the spectrum as nearly as possible. If we now suppose all 
these colored sectors to revolve rapidly round C as a centre, 
the effect of them all, thus mixed, should be the production of 
the colored rings as seen by white light As the diameter of 
each ring varies firom the beginning of the red space to the 
end of it, and so on with all the colors, the portion of the 
ring in each sector should be part of a spiral, and all these 
separate parts should unite in forming a single spiral, the red 
forming the commencement, and the violet uie termination of 
the spiral for each ring. 

This diagram enables us to ascertain the composition of any 
of the rings seen in white light Let it be required, for ex- 
ample, to determine the color of the ring at the distance G m 
from the centre, m being in the middle of the second red ring. 
Round C as a centre, and with the radius C m, describe a cir- 
cle, m n o p, and it will be seen from the different colors 
through which it passes what is its composition. It passes 
nearly through the very brightest* part of the second red ring, 
at m, and through a prettv bright part of the orange. It 
passes nearly through the bright part of the yellow, at n ; 
throu^ the brightest part of the green ; through a less bright 
part of the blue ; through a dark part of the indigo, at p ; 
and through the darkest part of the third violet ring. If we 
knew the exact law according to which the brightness of any 
fringe varied from its darkest to its brightest point, it would 
thus be easy to ascertain with accuracy the number of rays 

* In the figure, the brightest part ii the moit shaded. 
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of each odor which entered into the composition of any of 
the rings aeen by white light 

In onier to determine the thickness of the plate of air by 
which each color was produced, Newton found the squares cf 
the diameters of the brightest parts of each to be in the 
arithmetical progression of the odd numbers, 1, 3, 5, 7, 9, &c., 
and the squares of the diameters €i the obscurest parts in the 
arithmetical progression €i the even numbers, 2, 4, 6, 8, 10 ; 
and as one of the glasses was plane, and the other spherical, 
their intervals at these rings must be in the same progressioo. 
He then measured the diameter of the fifth dark ring, and 
found that the thickness of the air at the darkest part of the 
FIRST dark ring, made by perpendicular rays, was the ^ 7.^ 
part of an inch. He then mtiltiidied this number by the pro- 
^ssion 1, 3, 5, 7, 9, &c, and 2, 4, 6, 8, 10, and obtained the 
lollowing results :-^ 

TlrickaMi or tlw rir at tta Thtrkaw of th* air at Om 



PiRST Ring - - - TTfWn - - - TTiW or rs.hif 
Sbcono Rmg - - - TTianrr - - " Trsiinv 
Third Ring - - - ^^^^ - - - y^T^?^ 
Fourth Rmg - - - rnrW - " - T7i?Binr 

When Newton admitted water between the lenses, he 
found the colors to become fointer, and the rings smaller; 
and upon measuring the thicknesses of water at which the 
same rings were produced, he found them to be nearly as the 
index of refraction for air is to the index of refraction for 
water, that is, nearly as lOOO to 1*336. From these data he 
was enabled to compute the three last columns of the Table 
given in page 98, which show the thicknesses in millionth 
parts of an inch at which the colors are produced in plates of 
air, water, and glass. These columns are of extensive use, 
and may be regarded as presenting us with a micrometer for 
measuring minute thicknesses of transparent bodies by their 
colors, when all other methods would be inapplicable. 

We have already seen that when the thickness of the film 
of air is about 7^4,^^^ of an inch, which corresponds to the 
seventh ring, the colors cease to become visible, owing to the 
union of all the separate colors forming white light; but when 
the rings are seen in homogeneous light, they appear in much 
greater numbers, a dark and a colored ring succeeding each 
other to a considerable distance from the point of contact 
In this case, however, when the rings are formed between 
object glasses, the thickness of the plate of air increases so 
rapidly that the outer rings crowd upon one another, and 
I to become visible from this cause. This effect would 
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obviously not be produced if they were formed by a solid film 
whose thickness varied by slow gradations. Up<xi this prin- 
ciple, Mr. Talbot has pointed out a very beautirul method of 
exhibiting these rings with plates of glass and other sub- 
stances even of a tangible thickness. If we blow a glass ball 
80 thin that it bursts,'*' and hold any of the fragments in Um 
light of a spirit lamp with a salted wick, or in the light of 
anjr of the monochromatic lamps which I have elsewhere de^ 
scribed, all of which discharge a pure homogeneous yeUow 
light, the surface of these films will be seen covered with 
fringes alternately yellow and black, each fringe marking out 
by its windings the lines of equal thickness in the glass film. 
Where the thickness varies dowly, the frmges will be broad 
and easily seen ; but where the variation takes place rapidly, 
the fringes are crowded together, so as to require a micro- 
scope to render them visible. If we suppose any of the films 
of glass to be only the thousandth part of an inch thick, the 
rings which it exhibits will belong to the 80th order ; and if 
a large rough plate of this glass could be ^t with its thick- 
ness descending to the millionth part of an mch by slow gra- 
daticxos, the whole of those 89 rings, and probably many more, 
would be distinctly visible to the eye. In order to produce 
such effects, the light would require to be perfectly homoge- 
neoua 

The rin^ seen between the two lenses are equally visible 
whether air or any other gas is used, and even when there is 
no gas at all ; for the rings are visible in the exhausted re- 
ceiver of an air-pump. 
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ON THS OOLOBS OP THICK PLATB8. 

(76.) The colors of thick plates were first observed and 
described by Sir Isaac Newton, as produced by concave glass 
mirrors. Admitting a beam of solar light, R, into a dark 
room, through an aperture a quarter of an inch in diameter 
formed in the window-shutter M N, he allowed it to fall upon 
a glass mirror, A B, a quarter of an inch thick, quicksilvered 
behind, having its axis in the direction R r, and the radius of 
the curvature of both its surfaces being equal to its distance 
behind the aperture. When a sheet of paper was placed on 
flie window-shutter M N, with a hole in it to allow the sun- 

* Films of miea answer tbe purpose still better. 
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and eetrenLx Witeii the paper was beid at a greater or a lev 
disUoce Utim the centre of its ooocaTit^, the rings became 
more dilfite, arid ^nbioally vaiusfaed. The ecJoiB of the rings 
Miccee'if^ ocK aiipXher iiice tboae in the tranamitted wpSuasi in 
tli.n piit^^ 39 ?iven in coiuntn 3d of the Tifaie in page 93. 
Wrifrn Uie lUrrit R was re^/ the rin^s were red, and so on with 
the otber ccn^^^s ^'^ rinza bein^ iarseat in red and smallest 
in vioiht Vi^nL Their diameters preserved the same pnipor- 
tioo as thoKie seen between the object giasses ; the sqoaies of 
the diameters of the rncst IiiQiinooB parts (in bomDgen c onB 
ligfit; being as the numbers 0, 2, 4, 6» duL, and the sqoares of 
the diameters of the darken parts as the intermediate num- 
bers 1, 3, 5, 7, 6ic. With ciirrors of greater thicknes the 
rings grew less, and their diameters varied inreisely as the 
square roots of the thickness of the mirror. When the qoick- 
siiver was removed, the rings became &inier; and whcai the 
bask surface of the mirror was cov ered with a mass of oil of 
turpentine, they disappeared altogether. These facts clearly 
prove that the posterior sor^ice of the minvM- concurs with the 
anterior surface in the production of the nogs. 

When the mirror A B is inclined to the incident beam R r, 
the rings grow larger and larger as the inclination increases, 
and so also does the white ipund spot ; and new rings of color 
emerge successively out of their common centre, and the 
white spot becomes a white ring accompanying Uiem, and the 
incident and reflected beams always fall upon the mposite 
parts of this white ring, illuminating its perimeter like two 
mock suns in the opposite parts of an ins. The colors of 
these new rings were in a contrary order to those of the 
former. 

The Duke de Chaulnes observed similar rings upon the sur^ 
face of the mirror when it was covered with gauze or muslin, 
or with a skin of dried skimmed milk ; and Sir W. Herschel 
noticed analogous phenomena when he scattered hair-powde. 
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in the air before a concave mirror on which a beam of light 
was incident, and received the reflected light on a screen. 

(77.) The method which I have found to be the most sim- 
ple for exhibiting these colors, is to place the eye immediately, 
behind a small flame from a minute wick fed with oil or wax,* 
80 that we can examine them even at a perpendicular inci- 
dence. The colors of thick plates may be seen even with a 
common candle held before the eye at the distance of 10 oi* 
12 feet from a common pane of crown glass in a, window that 
has accumulated a little fine dust upon its surface, or that has 
on its surface a fine deposition of moisture. Under these 
circumstances they are very bright, though they may be seen 
even when the pane of glass is clean. 

The colors of thick plates may, however, be best displayed, 
and their theory best studied, by using two plates of glass of 
equal thickness. The phenomena thus produced, and which 
presented themselves to me in 1817, are highly beautifiil, and, 
Bs Mr. Herschel has shown, are admirably fitted for illus- 
trating the laws of this class of phenomena. In order to ob- 
tain plates of exactly the same tluckness, I formed out of the 
fiame piece of parallel glass two plates, A B, C D, and having 
placed between them two pieces of soft wax, I pressed them 
to the distance of about one tenth 
^' of an inch fix)m each other ; and by 

pressing above one piece of wax 
more than another, I was able tu 
give the two plates any small incli- 
nation I chose. Let A B, C D then 
be a section of the two plates, thus 
inclined, at right angles to the com- 
mon section of their surfaces, and 
let R S be a ray of light incident 
nearly in a vertical direction and 
proceeding from a candle, or, what 
is better, from a circular disc of 
condensed light subtending an an- 
gle of 2° or 3®. If we place the eye l^hind the plates, when 
they are parallel we shall see only an image of the circular 
disc ; but when they are inclined, as in the figure, we shall 
observe in the directk>n V R several reflected images in a 
row besides the direct image. The first or the briffhtest of 
these will be seen crossed with fifteen or sixteen beautiful 
fringes or bands of color. The three central ones consist of 
blackish or whitidi stripes ; and the exterior ones of brilliant 
bands of red and green light. The direction of these bands 
is always parallel to tiie common section of the inclineti 
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plate?. These colored bands increase in breadth by diminish- 
ing the inclination of the plat^ and diminidi by increasing 
their inclination. When the light of the luminous circular 
object fidls obliquely on the first plate, so that the plane of in* 
'cidence is at right angles to the section of the plates, the 
fringes are not distincuy visible across any of the images; 
but their distinctness is a mayimnm when the plane of mci- 
dence is parallel to that section. The reflected images of 
course become more bright, and the tints more vivid, as the 
angle of incidence becomes greater ; when the angle of inci- 
dence increases from 0^ to 90°, the images that have sufiered 
the greatest number of reflexions are crossed by other fringes 
inclined to them at a small angle. If we conceal the bright 
light of the first ima^e so as to perceive the image formed by 
a second reflexion within the first plate, and if we view the 
ima^e through a small aperture, we shall observe colored 
bands acroes the first image fiur surpassing in precision of 
outline and richness of coloring any analogous phenomenon. 
When these fringes are again concealed, others are seen on 
the image immediately behind them, and formed by a third 
reflexion from the interior of the first plate. 

If we bring the plate C D a little fiirther to the right hand, 
and make the ray R S fidl first upon the plate C D, and be 
afterwards reflected back upon the first plate A B, from both 
the surfaces of C D, the same colored bands will be seen. 
The progress of the rays through the two plates is shown in 
the figOre. 
" When the two plates have the ft)rm of concave and convex 
lenses, and are combined, as in the double and triple achro- 
matic object glass, a series of the most splendid systems of 
rings are developed; and these are sometimes crossed by 
others of a different kind. I have not yet had leisure to pub- 
lish an account of the numerous observations I have made on 
tliis curious class of phenomena. 

In viewing films of blown glass in homogeneous yellow 
light, and even in common day-light, Mr. Tal&t has observed 
that when two films are placed together, bright and obscure 
fringes, or colored fringes of an irregular form, are produced 
between them, though exhibited by neither of them separately. 
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CHAP. XIV. 
ON THE COLORS OF FIBRES AMD GROOVED 8TJRFACBB. 

(78.) When we look at & cuidle or any other luminous body 
through a plate of glass covered with vapor or with dust in a 
finely divided state, it is surrounded witii a corona or ring of 
colors, like a halo round the sun or moon. These rin^ increase 
as the size of the particles which produce them is diminished ; 
and their brilliancy and number depend on the uniform size of 
these particles. Minute fibres, such as those of silk and wool, 
produce the same series of rings, which increase as the diameter 
of the fibres is less; and hence Dr. Young proposed an in- 
^roraent called an ertom«<er, for measuring the diameters of 
minute particles and fibres, by ascertaining the diameter of 
any one of the series of rings which they produce. For this 
purpose, he selected the limit of the first red and green ring 
as the one to be measured. The ariometer is formed of a 
piece of card or a plate of brass, having an aperture about the 
fiftieth of an inch in diameter in the centre of a circle about 
hidf an inch in diameter, and perforated with about eight 
small hde& The fibres or particles to be measured are fixed 
in a slider, and the eriometer being placed before a strong 
light, and the eye assisted by a lens applied behind the small 
hole, the rings of colors will be seen. The slider must then 
be drawn out or pushed in till the limit of the red and green 
ring coincides with the circle of perforations, and the index 
will then show on the scale the size of the particles or fibres. 
The seed of the btcoperdon bov^ista was found by Dr. Wol- 
laston to be the 6500dth part of an inch in diameter ; and as 
this substance gave rings which indicated 34 on the scale, it 
foUows that 1 on the same scale was the 29750th part c^ an 
inch, or the dO,O00dth part The following Table contains 
some of Dr. Young's measurements, in thirty-thousandths of 
an inch ; — 



Milk diluted indistinct . • 3 

Dust of lycoperdon bovista 3^ 

Bullock's blood . . . . 4^ 

Smut of barley . . . . 6i 

Blood of a mare .... 6^ 
Human blood diluted with 

water 6 

Pus 7i 

Silk 12 

Beaver's wool .... 13 

Mole's fur 16 



12 



Shawl wool 19 

Saxon wool 22 

Lioneza wool 25 

Alpacoa wool 26 

Farina of laurestinua . . 26 

Ryeland Merino wool . . 27 

Merino South Down . . 28 

Seed of lycopodium ... 32 

South Down ewe .... 39 

Coarse wool 46 

Ditto fit>m some worsted 60 



102 A TSBATI8S OH OPTICS* PABT H. 

(79.) Bjr obwrving the colon produced liy leflexkm from 
the fibres which compose the ciystaUine lenses of the eyes of 
fishes and other aniiiMibs I have been able to tnoe these Sbrea 
to their origin, and to determine the number of poles or septa 
to which iSey are related. The same mode df observation, 
and the meaaorement of the diatanoe of the first colored 
image from the vdiite image, has enaUed me to determine the 
diameters of the fibres, uid to jnove that they all taper like 
needles, diminishing gradually mm the equator to the poles 
of the lens, so as to allow them to pack into a spherical su- 
perficies as they converge to their poles or points of origin. 
These cdored inuiges, produced by the fibres of the lens, lie 
in a line perpendicular to the direction of the fibre^^ and by 
taking an impression on wax from an indurated lens the ooLori 
are communicated to the wax. In several lenses I observed 
colored iniages at a great distance from the oonmion image, 
but lyin^ in a direction oH&cidait with that of the fibres;, tmd 
from this I inferred, that the fibres were crossed by joints or 
lines, whose distance was so small as the li,000dth part of an 
inch ; and I have lately found, b^ the use of very powerfiil 
mic r oscopes, that each fibre has m this case teeth like those 
of a racK, of extreme minuteness, the colors being produced 
by the lines which form the sides of each tooth. 

(60.) In the same class of phenomena we must rank the 
principal colors of mother-c^-pearL This substance, ob6iined 
from the shell of the pearl oyster, has been long employed in 
the arts, and the fine play of its colors is therefore well known. 
In order to observe its colors, take a plate of regularly formed 
mother-of-pearl, with its surfaces nearly paniuel, and grind 
these surttces upon a heme or upon a plate of glass with the 
powder of schistus, till the image of a candle reflected from 
the surfiu^es is <^a dull reddishrwhite color. If we now place 
the eye near the plate^ and look at this reflected image, C, we 
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shall see on one side of it a prismatic image. A, glowing witii 
all the colors of the rainbow, and forming indeed a spectrum 
of the candle as distinct as if it had been formed by an equi- 
lateral prism of flint glass. The blue side of this image is 



CHAFk XIV. COLOB8 OF MOTHSB*OF*FEAJElL. 103 

next the image C, and the distance of the red part of the 
image is in one specimen 7° 22' ; but this angle varies even 
in the same specimen. Upon first looking into the mother-of> 
pearl, the image A may be above or below C, or on any side 
of it ; but, by turning the specimen round, it may be brought 
either to the right or left hand of C. The distance A C is 
smallest when the light of the candle falls nearly perpen- 
dicular on the surface, and increases as the inclination of the 
incident ray is increased. In one specimen it was 2° T at 
nearly a perpendicular incidence, and d° 14' at a very great 
obliquity. 

On the outside of the image A there is invariably seen a 
mass, M, of colored light, whose distance M C is nearly double 
A C. These three images are always nearly in a straight 
line, but the angular distance of M varies with the angle of 
incidence according to a law different from that of A. At 
great angles of incidence the nebulous mass is of a beautiful 
crimson color ; at an angle of about 37° it becomes green ; 
and nearer the perpendicular it becomes yellowish-white, and 
very luminous. 

If we now folish the surface of the mother-of-pearl, the 
ordinary image C will become brighter and quite white, but a 
second prismatic image, B, toiU start up on the other side of 
C, and at the same distance from it. 

This second image has in all other respects the same pro- 
perties as the first. Its brightness increases with the polish 
of the surface, till it is nearly equal to that of A, tiie lustre 
of which is slightly impair^ by polishing. This second 
image is never accompanied, like the first, with a nebulous 
mass M. If we remove the polish, the image B vanishes, and 
A resumes its brilliancy. The lustre of the nebulous mass M 
is improved by polishing. 

If we repeat these experiments on the opposite side of the 
specimen, the very same phenomena will be observed, with 
this difference only, that the images A and M are on the op- 
posite side of C. 

In looking through the mother-of-pearl, when ground ex- 
tremely thin, nearly the same phenomena will be observed. 
Tlie colors and the distances of the images are the same ; but 
the nebulous mass M is never seen by transmission. When 
the second image, B, is invisible by reflexion, it is exceedingly 
bright when seen by transmission, and vice versd. 

El making these experiments, I had occasion to fix the 
mother-of-pearl to a goniometer with a cement of resin and 
bees'-wax ; and upon removing it, I was surprised to see the 
vbole surface of the wax shining with the prismatic colors of 
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the moliher'ofHpewrL latfirettfaooght that a small film of the 
eohHtance had been left upon the wax; but this was soon 
tend to be a nuateke, and it becaoie manifest that the mother- 
o^iieaii really impreased upon the cement its own power of 
producing the oolored spectra. When the mipolished mother- 
of-pearl was impresBed on the wax, the wax gave only one 
image, A ; and when the polished sur&ce was osed, it gave 
both A and B: but the nebukxis inmge M was never exhibited 
by the wax. The images seen in the wax are always on the 
opposite side of C, fiom what they are in the sor&ce that is 
impressed upon it. 

The coUxa of mother-oPfiearl, as mmmmiicated to a esA 
•of&oe, may be best seen by using black wax ; but I have 
tfanaferred them also to balsam of Tola, realgar, fusible 
metal, and to clean sur&ces of lead and tin by hard pressure, 
or the blow of a hammer. A solution of gum arabic or of 
isingiaai, when allowed to indurate upon a surftce of mother- 
offiearl, takes a most perfect impression from it, and exhibits 
all the cooununicable colois in the finest manner, when seen 
either by reflexion or transmission. By {facing the isinglaas 
between two finely polished sorfeces of good specimens of 
mother-of-pearl, we shall obtain a film iji artificial mothero^ 
pearl, which wh«i seen by single lights, such as that of a 
candle, cht by an aperture in the window, will shine with the 
brightest hues. 

U, in this experiment, we could make the grooves of the 
one surfiu^ oi mother-c^pearl exactly parallel to the grooves 
in the other, as in the shell itself the images, A and B, formed 
by each sur&ce, would coincide, and only two would be ob- 
served by transmission and reflexion : but, as this cannot be 
done, four images are seen through the isinglafis film, and 
also four by reflexion ; the two new ones being formed by re> 
flexion from the second surfiice of the film. 

From these experiments it is obvious that the cdors under 
our consideratioD are produced by a pellicular oonfiguraticm 
of surface, which, like a seal, can convey a reverse impres- 
sion of itself to any substance capable of receiving it By 
ffiamin i ng this sur&ce with microscopes, I discovered in 
almost every specimen a grooTod structure, like the delicate 
texture of the skin at the top of an infant's finger, or like the 
section of the annual growths of wood, as seen upon a dressed 
plank of fir. These may sometimes be seen by the naked eye, 
but they are often so minute that 9000 of them are contained 
in an inch. The direction ci the grooves is always at right 
angles to the line M A C B, J^. 62. ; and hence in irre^larly 
formed mother-o^pearl, where the grooves are often circular, 
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and having every possible direction, the colored images A, B 
are irregularly scattered round the common image C. If the 
grooves were, accordingly, circular, the series of prismatic 
images, A B, would form a prismatic ring round C, provided 
the grooves retained the same distance. The general distance 
of the grooves is &om the 200th to the 5000th of an inch, and 
the distance of the prismatic images from C increases as the 
grooves become closer. In a specimen with 2500 in an inch, 
the distance AC was 3° 41'; and in a specimen of about 
5000 it was about T> 22'. 

These grooves are obviously the sections of all t^e con- 
centric strata of the shell. When we use the actual sur&ce 
of any stratum, none of the colors A, B are seen, and we ob- 
serve only the mass of nebulous light M occupying the place 
of the principal image C. Hence we see the reason why the 
pearl gives none of the images A, B, why it communicates 
none of its colors to wax, and why it shines with that delicate 
white light which gives it all its value. The pearl is formed 
of concentric spherical strata, round a central nucleus, which 
Sir Everard Home conceives to be one of the ova of the fish. 
None of the edges of its strata are visible, and as the strata 
have parallel suites, the mass of light M is reflected exactly 
like the image C, and occupies its place ; whereas in the 
mother-of-pearl it is reflected from surfaces of the strata, in- 
clined to the general surface of the specimen which reflects 
the image C. The mixture of all these diffuse masses of 
nebulous light, of a pink and green hue, constitutes the beau- 
tiful white of the pearls. In bad pearls, where the colors are 
too blue or too pink, one or other of these colors has pre- 
dominated. If we make an oblique section of a pearl, so as 
to exhibit a sufficient number of concentric strata, with their 
edges tolerably close, we should observe all the cominunicable 
colors of mother-of-pearL* 

These phenomena may be observed in many other shells 
besides that of the pearl-oyster; and in every case we may 
distinguish communicable from incommunicable colors, by 
placing a film of fluid or cement between the sur&ce and a 
plate of glass. The communicable colors will all disappear 
from the filling up of the grooves, and the incommunicable 
colors will be rendered more brilliant 

(81.) Mr. Herschel has discovered in very thin plates of 
mother-of-pearl another pair of nebulous prismatic images, 
more distant from C than A and B, and also a pair of fainter 
nebulous images, tlie line joining which is always at right 

* See Edinhurgk Journal of Scienc9, No. XII., p. 277. 
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angles to tlie Vine joining the first pair.* These images are 
seen by looking through a thin piece of mother-of-pearl, cut 
parallel to the natural surfiice of the shell, and between the 
70th and the 300dth of an inch £hick. They are much larger 
than A and B; and Mr. Herschel found that the line joining 
them was always perpendicular to a veined structure which 
goes through its substance. The distance of the red part of 
me image from C was found to be 16° 29^ and the veins 
which produced these colors were so small tlmt 3700 of them 
were contained in an inch. We have represented them in 
Jig. 63. as crossing the ordinary grooves wtiich give the com- 
municable colors. Mr. Herschel describes them as croesiiig 
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these grooves at all angles, " giving the whole surface much 
the appearance of a piece oi twilled silk, or the larger waves 
of the sea intersected with minute ripplings." The second 
pair of nebulous images seen by transmission must arise from 
a veined structure exactly perpendicular to the first, though 
the structure has not yet been recognized by the microscope. 
The structure which produces the lightest pair Mr. Herschel 
has found to be in all cases coincident with the plane passing 
through the centres of the two systems of polarized rings. 

The principle of the production of color by grooved sur- 
faces, and of the coramunicability of these colors by pressure 
to various substances, has been happily applied to the arts by 
John Barton, Esq. By means of a delicate engine, operating 
by a screw of the most accurate workmanship, he has suc- 
ceeded in cutting grooves upon steel at the distance of from 

* In R pjmciinen now before us. the line joining the two faintest U'jbuluus 
images is at right angles tu the line joining A and B. 
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the 2000th to the 10,000th of an inch. These lines are cut 
with the poibt of a diamond ; and such is their perfect paral- 
lelism and the uniformity of their distance, that while in 
motlier-of-pearl we see only one prismatic ima^^e, A, on each 
side of tlie common image, C, of tlie candle, m the grooved 
steel surfeces 6, 7, or 8 prismatic images are seen, consisting 
of spectra, as perfect as those produced by the finest prisms. 
Nothing in nature or in art can surpass this brilliant display 
of colors ; and Mr. Barton conceived the idea of forming but- 
tons for gentlemen's dress, and articles of female ornament 
covered with grooves, beautifully arranged in patterns, and 
shining in the light of candles or lamps with all the; hues of 
the spectrum. To these he gave the appropriate name of Iris 
ornaments. In forming the buttons, the patterns were draw :) 
on steel dies, and these, when duly hardened, were used t: 
stamp their impressions upon polished buttons of brass. 1 3 
day-light the colors on these buttons are not easily distinguish 
ed, unless when the surface reflects the margin of a dark ob 
ject seen against a light one ; but in the light of the sun, anc 
that of gas-flame or candles, these colors are scarcely if at a., 
surpassed by the brilliant flashes of the diamond. 

The grooves thus made upon steel are, of course, all trans- 
ferable to wax, isinglass, tin, lead, and other substances; and 
by indurating thin transparent films of isinglass between two 
of these grooved surfaces, covered with lines lying in all di- 
rections, we obtain a plate which produces by transmission 
the most extraordinary display of prismatic spectra that has 
ever been exhibited. 

(82.) In examining the phenomena produced by some ot 
the finest specimens of Mr. Barton's skill, which he had the 
kindness to execute for this purpose, I have been led to the 
observation of several curious properties of light In mother- 
of-pearl, well polished, the central image, C, of the candle or 
luminous object is always white, as we should expect it to be, 
in consequence of being reflected from the flat and polished 
surfaces between the grooves. In like manner, in many 
specimens of grooved steel the image C is also perfectly 
white, and the spectra on each side of it, to the amount of six 
or eight, are perfect prismatic images of the candle; the 
image A, which is nearest C, being the least dispersed, and 
all the rest in succession more and more dispersed, as if they 
were formed by prisms of greater and greater dispersive 
powers, or greater and greater refracting angles. These spec- 
tra contain the fixed lines and all the prismatic colors ; but the 
red or least refrangible spaces are greatly eacpanded, and the 
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violet or most refran^ble spaces greatly covUraeted, even bootq 
than in the spectra produced by sulphuric acid. 

In examinmg[ some of these prismatic images which seemed 
to be defective m particular rays, I was surprised to find that, 
in the specimens which produced them, the image C reflected 
from the polished ori^al sur&ce of the steel was itself 
slightly colored ; that its tint varied with the angle of inci- 
dence^ and had some relation to the de&lcation of color in the 
prismatic imagea In order to observe these phenomena 
through a great range of incidence, I substituted for the can- 
dle a long narrow rectangular aperture, formed by nearly 
closing the window-gutters, and I then saw at one view the 
state o£ the ordinary image and all the prismatic images. In 
order to understand this, let A B, Jig, 64., be the ordmary 




image of the aperture reflected from the flat surface of the 
steel which lies between the grooves, and a b, a' h\ a" b", &c., 
the prismatic images on each side of it, every one of these 
images forming a complete spectrum with all its dl&rent 
colors. The image A B was crossed in a direction perpen- 
dicular to its length with broad colored fringes, varying in 



CHAP- XIV* COLORS OF OSOOTBD SUSFACES. 



109 



their tints from 0° to 90^ of incidence. In a specimen with 
1000 grooves in an inch, the following were the colors dis- 
tinctly seen at different angles of incidence :-« 



White - - 
Yellow - - 
Reddish orange 
Pink - - - 
Junction of pink 

blue - - 
Brilliant blue 
Whitish - - 
Yellow - - 
Pink - - - 
Junction of pink 

blue - - 



and 



Aagte of iBcidenM. 

- OOo 0' 
80 30 
77 30 
76 20 

^75 40 

74 30 
71 
64 45 
59 45 



58 10 



and ( 



Blue - - . - 
Bluish ^een 
Yellowish green 
Whitish green - 
Whitish yellow - 
Yellow - - - 
Pinkish yellow - 
Pink red - - - 
Whitish pink 
Green - - - 
Yellow - - - 
Reddish - - - 



560 0* 


54 30 


53 15 


51 





49 





47 15 


41 





36 





31 





24 





10 












These colors are those of the reflected rings in thin plates. 
If we turn the steel plate round in azimuth, the very same 
colors appear at the same angle of incidence, and they suffer 
no chathge either by varying the distance of the steel plate 
from the luminous aperture^ or the distance of the eye of the 
observer from the grooves. 

In the preceding table there are four orders of colors ; but 
in some specimens there are only three, in others two, in 
others one, and in some only one or two tints of the first order 
are developed. A specimen of 500 grooves in an inch gave 
only the yellow of the first order through the whole qua£unt 
of incidence. A specimen of 1000 grooves gave only one 
complete order, with a portion of the next A specimen of 
3333 grooves gave only the yellow of the first order. A spe- 
cimen of 5000 gave a little more than one order ; and a spe- 
cimen of 10,000 grooves in an inch gave also a little more 
than one order. 

In fig, 64. we have represented the portion of the quadrant 
of incidence from about 22° to 76°. In the first spectrum, 
a 6 a 6, V V is the violet side of it, and r r the red side of it, 
and between these are arranged all the other colors. At m, 
at an incidence of 74°, the violet light is obliterated firom the 
spectrum a b ; and at n, at an incidence of 66°, the red rays 
are obliterated ; the intermediate colors, blue, green, &c., being 
obliterated at intermediate points between m and n. In the 
second spectrum, a' b' a' 6', the violet rays are obliterated at 
m' at an incidence of 66° 20', and the r^d at n' at an inci- 
dence of 56°. In the third spectrum, a"b"a"b'\ the violet 
rays are obliterated at m" at 57°, and the red at n" at ai^ 
K 
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^'; and in the fourth spectrum, the ykdet rays are oblit- 
erated at m!" at 48^ and the red at n'" at 23'> 30". A simi- 
lar succession of obliterated tints takes place on all the [nis- 
matic images at a lesser incidence, as shown at yiv^ m'^'; the 
violet being obliterated at ft and /i', and the red at v and i/, and 
the intermediate colors at intermediate point& In this 
second succession the line fiv begins and ends at the same 
angle of incidence as the line m" n" in the third prismatic 
image a" b'\ and the line ft V in the second prismatic image 
corresponds with m'" n'" on the fourth prismatic image, m 
all these cases, the tints obliterated in the direction m n fiy, 
&c., would, if restored, form a complete prismatic spectrum 
whose length iatnn /tv, &c 

Considering the oidinary image as white, a similar oblitera- 
tion of tints takes place upon it The violet is obliterated at 
o about 76°, leaving pinkt or what the violet wants of white 
light ; and the red is obliterated at p at 74^ leaving a bright 
blue. The violet is obliterated at q and «, and the red at r 
and t, as may be inferred from the preceding Table of colors. 
The analysis of these curious and apparently complicated 
phenomena becomes very simple when they are examined by 
homogeneous light The effect produced on red light is re- 
presented in fig. 65., where A B is the image of the narrow 
aperture reflected from the original 
surface of the steel, and the four images 
on each side of it correspond with the 
prismatic image& All these nine 
miages, however, consist d" homogene- 
ous red light, which is obliterate, or 
nearly so, at the fifteen shaded rectan- 
gles, which are the minima of the new 
series of periodical colors which cross 
both the ordinary and the lateral images. 
The centres p, r, t, n, v, &c., of these 
rectangles correspond with the points 
marked with the same letters in fig. 
64.; and if we had drawn the same 
figure for violet light, the centres of 
the rectangles would have been all 
higher up in the figure, and would 
have corresponded with o, q, «, m, t^i 
&c. in fig, 64. The rectangles should 
have been shaded off to represent the 
phenomena accurately, but the only 
object of the figure is to show to 
] the eye the position and relations of 
the minima. 
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If we cover the surface of the grooved steel with a fluid, 
so as to diminish the refiractive power of the surface, we de 
velope more orders of colors on the ordinary image, and a 
greater number of minima on the lateral images, higher tints 
being produced at a given incidence. But, what is very re- 
markable, in grooved surfaces when the ordinary image is 
perfectl]^ white, and when the spectra are complete without 
any obliteration of tints, the application of fluids to the 
grooved surface developes colors on the ordinary image, and a 
corresponding obliteration of tints on the lateral images. The 
following Table contains a few of the results relative to the 
ordinary image : — 



groovM ia 
■a lack. 


wlttwBt B laid. 


MaxUBaa tlirt with Inidi. 


312. 
3333 


Perfectly white. 

( Gamboffe yellow 
I of the first order. 


1 1. Water, tinge of yellow. 

< 2. Alcohol, tinge or yellow. 

( 3. Oil of caasia, faint reddish yellow. 

ri. Water, pinkish red (first order). 

1 2. Alcohol, reddish pink. 

] 3. Oil of caasia, bright blae (second 

L order). 



Phenomena analogous to those above described take place 
upon the grooved sur&ces of gddj silver^ and calf;are<m8 
spar; and upon the surfaces of tin, isinglass, realgar, &c., 
to which the grooves have been transferred from steel. For 
an account of the phenomena exhibited by several of these 
substances, I must refer the reader to Uie original memoir in 
the Philosophical Transactions for 1829. 



CHAP. XV. 

ON FITS OF REFLEXION AND TRANSMISSION, AND ON THE 
INTERFERENCE OF LIGHT. 

y (83.) In the preceding chapters we have described a very 
extensive class of phenomena, all of which seem to have the 
same origin. From his experiments on the colors of thin and 
df thick plates, Newton inferred that they were produced by 
a singular property of the particles of light, in virtue of 
which they possess, at different points of Sieir path, fits or 
dispositions to be reflected from or transmitted by transparent 
bodies. Sir Isaac does not pretend to explain the origin of 
these fits, or the cause which produces Uiem ; but we may 
fi)rm a tolerable idea of them by supposing that each particle 
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of light, after its discharge from a luminoiu body, revolves 
round an axis perpendicular to the direction of its motion, and 
presenting alternately to the line of its motion an attractive 
and a repulsive pole, in virtue of which it will be refracted if 
the attractive pole is nearest any refracting sur&ce on which 
it Mis, and reflected if the repulsive pole is nearest that sur- 
face. The disposition to be refracted and reflected will of 
course increase and diminish as the distance of either pole 
from the sur&ce of the body is increased or diminished A 
less scientific idea may be formed of this hypothesis, by sup- 
posmg a body with a diarp and a blunt end passing through 
space, and successively presenting its sharp and blunt ends to 
the line of its motion. When the sharp end encounters any 
soft body put in its way, it will penetrate it; but when the 
blunt end encounters the same body, it will be reflected or 
driven back. 

To explain this more clearly, let R,fig. 66., be a ray of 
Jght fallmg upon a refracting surface M N^ and transmitted 
by that suriace. It is clear that it must 
have met the sur&ce M N when it was 
nearer its fit of transmission than its fit of 
reflexion ; but whether it was exactiy at its 
fit of transmission, or a little from it, it is 
put, by the action of the surface, into the 
same state as if it had begun its fit of trans- 
mission at t Let us suppose that, after it 
has moved through a space equal to ^ r, its 
fit of reflexion tues place, the fit of trans- 
t'\^ mission always recommencing at 1 1', &c. 
and that of reflexion at r r', &c. ; then it is obvious, that if 
the ray meets a second transparent sur&ce at 1 1', &c., it will 
be transmitted, and if it meets it at r r', &c., it will be reflected. 
The spaces 1 1', t' t" are called the intervals of the fits of 
transmission, and r r', r' r" the intervals of the fits of re- 
flexion. Now, as the spaces 1 1', r r', &c. are supposed equal 
for light of the same colors, it is manifest that, if M N be the 
first surface of a body, the ray will be transmitted if the 
thickness of the body is t «', 1 1", &c. ; that ia, tf, 2 tf,S 1 1\ 
4 1 1', or any multiple whatever of the interval of a fit of easy 
transmission. In like manner the ray will be reflected if the 
thickness of the body is f r, <r' ; or, since t V is equal to r r', 
if the thickness of the body is i n', li < V, 2^ 1 1\ Z\ t V. 
If the body M N, therefore, had parallel surfaces, and if the 
eye were placed above it so as to receive the rays reflected 
perpendicularly, it would, in every case, see the surface M N 
by the portion of light uniformly reflected from that surface ; 
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but when the thickness of the body was 1 1', 211% Stt',4tt' 
or 1000 t ff the eve would receive no rays from the second 
surface, because tney are all transmitted ; and in like manner, 
if the thickness was ^ t /', 1^ t V, 21 1 1', or 1000} 1 1', the eye 
would receive aU the light reflectea from the second surface, 
because it is all refect^ When this reflected light meets 
the first sur&ce M N, on its way to the eye, it is all trans- 
mitted, because it is then in its fit of transmission. Hence, 
in the first case, the eye receives no light from the second 
surface, and in the second case, it receives all the light from 
the second sur&ce. If the body had intermediate thicknesses 
between t V and 2 1 1', &c., as I tt', then a portion of the 
light would be reflected from the second surface, increasing 
as the thickness increased from tV lol^ 1 1\ and dimuiishing 
agam as the thickness increased from 1} f f to 2 t't\ 

But let us now suppose that the plate whose surface is M N 
is unequally thick, like the plate of air between the two 
lenses, or a film of blown glass. Let it have its thickness 
varying like a wedge M N r^fig. 67. Let t f, rr' be the in- 
tervals of the fits, and let the eye be placed above the wedge 
as before. It is quite clear that near the point N the light 
that falls upon the second surface N P will be all transmitted, as 
it is in a fit of transmission ; but at the thickness t r the light 
R will be reflected by the second surface, because it is then 
in its fit of reflexion. In like manner the light will be trans- 
mitted at t\ again reflected at r', and again transmitted aXt"; 
80 that the eye above M N will see a series of dark and 
luminous bands, the middle of the dark ones being at N, t', t" 
in the line N P, and of the luminous ones at r, r', &c. in the 




same line. Let us suppose that the figure is suited tu red 
homogeneous light, 1 1' being the interval of a fit for that 
species of rays; then in violet light, V, the interval of the fits 
will be less, as rp. If we therefore use violet liffht, the ia- 
K2 
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terval of whose fits is rp, a smaller series of violet and ob- 
scure bands or fringes will be seen, whose obscarest points 
are at N, r^, r"^ &c., and whose Inrightest points are at p^'p, 
&c. In like manner, with the intermediate colors of the 
spectrum, bands of intermediate magnitudes will be formed, 
having their obscurest points between r' and f , r" and f\ and 
their brightest points between p and r, p and r', &c. ; and 
when white light is used, all these diflferently colored bands 
will be seen forming fringes of the difierent orders of colors 

given in the Table m page 93. If M N P, in place of being 
le section of a prism, were the section of one half of a 
plano-concave lens, whose centre is N, and whose concave sar- 
&ce has an oblique direction somewhat like N P, the direction 
of the colored bands will always be perpendicular to the 
ntdins N M, or will be regular circles. For the same reason, 
the colored bands are circular in the concave lens of air be- 
tween the object glasses ; the same colors always appearing 
at the same thickness of Uie medium, or at the same distance 
from the centre. 

By the same means Sir Isaac Newton explained the colors 
of thick plates, with this difference, that the fringes are not 
in that case produced by the liffht regularly refracted and re- 
flected at the two sur&ces of the concave mirror, but by the 
light irregularly scattered by the first surface of the mirror 
in consequence of its imperfect polish ; for, as he observes, 
** there is no glass or speculum, how well soever polished, but, 
besides the Tight which it refracts and reflects regularly, 
scatters every way irregularly a faint light, by means of 
which the polished surface, when illuminated in a dark room 
b^ a beam of the sun's light, may be easily seen in all posi- 
tions of the 'eye." 

The same theory of fits affords a ready explanation of the 
phenomena of double and equally thick plates, which we have 
described in another chapter. There are other phenomena 
of colors, however, to which it is not equally applicable ; and 
it has accordingly been, in a great measure, superseded by 
the doctrine of interference, which we shall now proceed 
to explain. 

(83.) In examining the black and white stripes within the 
shadows of bodies as formed by inflexion, Dr. Young found 
tJiat when he placed an opaque screen either a few inches be- 
fore or a few inches behind one side of the inflecting body, B, 
fig, 56., so as to intercept all the light on that side by receiv- 
ing the edge of the shadow on the screen, then all the fringes 
in the shadow constantly disappeared, althougrh the light still 
passed by the other edge of the body as before. Hence he 
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c6ncluded that tiie light which passed on hoth sides was ne- 
cessary to the production of the fringes ; a conclusion which 
he might have deduced also from the known fact, that when 
the hodv was above a certain size, fringes never appeared in 
its ^ladow. In reasoning upon this conclusion, Dr. Young 
was led to the opinion, that the fringes within the ^adow 
were produced hy the interference of the rays bent into the 
shadmo hy one stde of the body B toUh the rays bent into the 
shadow by the other side. 

In order to explain the law of inter ferenee mdicated in this 
experiment, let us suppose two pencils of li^ht to radiate from 
two points very close to each other, and that this li^ht fidls 
upon the same spot of a piece of paper held parallel to the 
line joining the points, so that the spot is directly opposite the 
point which bisects the distance between the two radiant 
points. In this case they may be said to interfere with one 
another ; because the pencils would cross one another at that 
spot if the paper were removed, and would diverge from one 
another. The spot will, therefi)re, be illuminat^ with the 
sum of their lights ; and in this case the length of the paths 
of the two pencils of light is exactly the same, the spot on 
the paper being equally distant from both the radiant points. 
Now, it has b^n found that when there is a certain minute 
difference between the lengtlis of the paths of the two pencils 
of light, the spot upon the paper where the two lights inter- 
fere IS still a briffht spot illuminated by the sum of the two 
lights. If we call this difference in the lengths of their paths 
d, bright spots will be formed by the interference of the two 
pencil when the differences in the lengths of the paths are 
d,2 d,S d,4 d, &c. All this is nothing more than what is 
consistent with daily observation ; but, what is truly remark- 
able and altogether unexpected, it has been clearly demon- 
strated that if the two pencils interfere at intermediate points, 
or when the difference in the lengths of the paths of the two 
pencils is I d^ 1^ d, 21 d. Si d, &,c, instead of adding to one 
another's intensity, and proaucing an illumination equal to the 
sum of their lights, they destroy each other, and produce a 
dark spot This curious property is analogous to the beating 
of two mnsical sounds nearly in unison with each other ; the 
beats taking place when the efiect of the two sounds is equal 
to the sum of^ their separate intensities, corresponding to the 
luminous spots or fringes where the efiect of the two Tights is 
equal to the sum of their separate intensities, and the cessa- 
tion of sound between the beats when the two sounds destroy 
each other, corresponding to the dark spots or fringes where 
the two lights produce darkness. 
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Bf the aid of this doctrine the phenomena of the mfleriop 
of light, and tboee of thin and tnick plates, may be well ex- 
]dained. With regard to the interior nringes, or those in the 
shadow, it is clear that as the middle of the shadow is equally 
distant from the edges of the inflecting body B, Jle. 56., there 
will be no difference in the length of the paths of the pencils 
coming from each side of the body, and consequently along 
the middle of the whole length of every narrow shadow there 
should be a white stripe illuminated with the sum of the two 
inflected nencils ; but at a point at such a distance from the 
centre of the shadow that the difference of the two paths of 
the pencil from each side of the bodj^ is equal to ^ <2, the two 
pencils will destroy each other, and ^ive a dark stripe. Hence 
there will be a dark stripe on each side of the central bright 
one. In like manner it may be shown, that at a point at such 
a distance from the centre of the shadow that the difference 
in the lengths of the paths is 2d,d d, there will be bright 
stripes ; am at intermediate points, where the difference in 
the lengths of the paths is Hd, 2^d, there will be dark 
stripes.* 

In order to explain the origin of the external fringes, both 
Dr. Young and M. Fresnel ascribed them to the interference 
of the direct rays with other rays reflected from the margin 
of the inflecting body; but M. Fresnel has found that the 
fringes exist when no such reflexion can take place ; and he 
has, besides, shown the insufficiency of the explanation, even 
if such reflected rays did exist. He therefore ascribes the ex- 
ternal fringes to the interference of the direct rays with other 
rays which pass at a sensible distance from the inflecting body, 
and which are made to deviate from their primitive direction. 
That such rays do exist, he proves upon the undulatory theory, 
which we shall afterwards explain. 

The phenomena of thin plates are admirably explained by 
the doctrine of interference. The light reflected fix)m the 
second surface of the plate interferes with the light reflected 
from the first, and as these two pencils of light come from di^ 
ferent points of space, they must reach the eye with different 
len^s of paths. Hence they will, by their interference, form 
luminous friDses when the difference of the paths is dj2d, 
3 dj &c., and (xiscure fringes when that difference is i dj I| d, 
21 d, SI rf, &c. 

In accounting for the colors of thick plates observed by 
Ne>^t(Mi, the light scattered irregularly fit)m every point of 
the first surface of the concave mirror falls diverging on the 

* See Note No. V., by Am. ed., following tbe author's x\ppendiz. 
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second sur&ce, and being reflected from this surface in lines 
diverging from a point behind, they will suffer refraction in 
coming out of the first surface of the mirror, being made to 
diverge a^ if from a point still nearer the mirror, but behind 
its surface. From this last point, therefore, the screen M N, 
in fig. 60., is illuminated by the rays originally scattered on 
entering the first surface. But when the regularly reflected 
light, eSer reflexion from the second surfkce, emerges from 
the first, it will be scattered irregularly from each point on 
that snr&ce, and radiating from these points will illuminate 
the paper screen M N. f^ery point, therefore, in the paper 
screen is illuminated by two kinds of scattered light, the one 
radiating from each point of the first surface, and the other 
fttfcn points behind the second surface ; and hence bright and 
obecure bands will be fimned when the differences of the 
lengths cS ihtit paths are such as have been already de- 
scribed. 

The colors of two equally thick and inclined plates are also 
explicable by the law of interference. Although the light re- 
flected by the diflTerent surfaces of the plate emerges parallel 
as shown in fig, 61., yet in consequence of the inclination of 
the plates it reaches the eye by paths of different lengths. 

The colors of fine fibres, of mmute particles, of mottled and 
striated surfaces, and of equidistant parallel lines, may be all 
r^erred to the interference of different portions of light 
reaching the eye by paths of different lengths ; and thou^ 
some d&culties still exist in the application of the doctrine to 
particular phenomena that have not been suf&cientl}[ studied, 
yet there can be no doubt that these dif&culties will be re- 
moved by closer investigation. 

As all the phenomaia of interference are dependent npcm 
the quantity (2, it becomes interesting to ascertain its exact 
magnitude for the differently colored rays, and, if possible, to 
trace its origin to some primary cause. It is obvious, as 
Fraunhofer has remarked, that this quantity d is a real abso- 
lute magnitude, and whatever meanmg we may attach to it, 
it is demonstrable that one half of it, in reference to the phe- 
nomena produced by it, is opposed in its properties to the other 
half; so that if the anterior half combines accurately with 
the posterior half, or interferes with it in this manner under a 
small angle, the effect which would have been produced by 
each separately is destroyed, whereas the ' same effect is 
doubled if two anterior or two posterior halves of this mag- 
nitude combine or interfere in a similar manner. 

(84.) In the Newtonian theory of li^ht, or the theory of 
emission, as it is called, in which light is supposed to consist 
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of material particles emitted by luminous bodies, and movinff 
through space with a velocity of 192,000 miles in a second, 
the quantity d is double the interval of the fits of easy re- 
flexion and transmission ; while in the undulatonr theory it is 
equal to Uie breadth of an undulation or wave of light 

In the undulatory theory, an exceedingly thin and elastic 
medium, called ether, is supposed to fill all space, and to oc- 
cupy the intervals between the particles of all material bodies. 
The ether must be so extremely rare as to present no appre- 
ciable resistance to the planetiu7 bodies which move neely 
through it 

The particles of this ether are, like those of air, capable of 
being put into vibrations bv the agitation of the particles of 
matter, so that waves or vibrations can be propagated throu^ 
it in all directions. Within refincting media it is less elastic 
than in vacuo, and its elasticity is less in proportion to th^ re- 
fractive power of the body. 

When any vibrations or undulations are propagated through 
this ether, and reach the nerves of the retma, they excite ue 
sensation of light, in the same manner as the sensation of 
sound is excitS in the nerves of the ear by the vibrations of 
the air. 

Differences of color are supposed to arise from differences 
in the frequency of the ethenal undulations ; red being pro- 
duced by a mucn smaller number of undulations in a given 
time than blue^ and intermediate colors by intermediate num- 
bers of undulations. 

Each of these two theories of light is beset with difficulties 
peculiar to itself; but the theory of undulations has made 
great progress in modem times, and derives such poweriul 
support from an extensive class of phenomena, that it has been 
received by many of our most distinguished philosophers 

In a work like this it would be in vain to attempt to give 
a particular account of the principles of this theory. It may 
be sufficient at present to state, that the doctrine of inter- 
ference is in complete accordance with the theory of undula- 
. tion. When similar waves are combined, so that the eleva- 
tions and depressions of the one coincide with those of the 
other, a wave of double magnitude will be produced ; whereas, 
when the elevations of the one coincide with the depressions 
of the other, both systems of waves will be totally destroved. 
" The spring and neap tides," says Dr. Younff, " derived nom 
the combination of the simple soli-lunar tides, affi)rd a mag- 
nificent example of the interference of two immense waves 
with each other ; the spring tide bein^ the joint result of the 
combination when Uicy coincide in time and place, and the 
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neap tide where they succeed each other at the distance of 
half an interval, so as to leave the ef^t of their difference 
only sensible. The tides of the port of Batsha, described and 
explained by Halley and Newton, exhibit a different modifica- 
tion of the same opposition of undulations ; the ordinary pe- 
riods of high and low water being altogether supersede on 
account of the different lengths of the two channels by which 
the tides arrive, afiS)rding exactly the half interval which 
causes the disappearance of the alternation. It may also be 
very easily observed, by merely throwing two equal stones 
into a piece of sta^ant water, that the circles of waves which 
they occasion obliterate each other, and* leave the surfiice of 
the water smooth in certain lines of a hyperbolic form, while 
in other neighboring parts the sur&ce exhibits the agitation 
belonging to both series united." 

The following Table given by Mr. Herschel contains the 
principal data of the undulatory theory : — 



Colon or the Bpoetrum. 


UhU» of an Ca- 

dalaUoa in pvta 


Hmnber of 
UDduIttioia 






orralaehlaair. 


is ulncb. 


areoad.* 


fiztreme red. 


0-0000266 


37640 


458,000000,000000 


Red . . . 


0-0000256 


39180 


477,000000,000000 


Intermediate . 


0-0000246 


40720 


495,000000,000000 


Orange . . 


0-0000240 


41610 


506,000000,000000 


Intermediate . 


0-0000235 


42510 


517,000000,000000 


Yellow. . 


0-0000227 


44000 


535,000000,000000 


Intermediate . 


0-0000219 


45600 


555,000000,000000 


Green 


0-0000211 


47460 


577,000000,000000 


Intermediate . 


0-0000203 


49320 


600,000000,000000 


Blue. . . 


0-0000196 


51110 


622,000000,000000 


Intermediate . 


0-0000189 


52910 


644,000000,000000 


Indigo . . 


0-0000185 


54070 


658,000000,000000 


Intermediate . 


0-0000181 


55240 


672,000000,000000 


Violet . . 


0-0000174 


57490 


699,000000,000000 


Extreme violet 


0-0000167 


59750 


727,000000,000000 



** Prom this Table," says Mr. Herschel, " we see that the 
sensibility of the eye is confined within much narrower limits 
than that of the ear ; the ratio of the extreme vibrations being 
nearly 1-58 : 1, and therefore less than an octave, and about 
equal to a minor sixth. That man should be able to measure 
with certainty such minute portions of space and time, is not 
a little wonderful ; for it may be observed, whatever theory 
of light we adopt, these periods and these spaces have a real 
existence, being in fact deduced by Newton from direct mea- 
surements, and involving nothing hypothetical but the names 
here given them." 

* Taking tbe velocity of ligbt at 192,000 miles per second. 
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CHAP. XVL 

ON THB ABSORPnON OF UGHT. 

(H5.) Oils of the most carious properties of bodies in their 
action upon light, and one which we are persoaded will yet 
ptirform a most important part in the explanation of optical 
phonmnena, and become a ready instrument in optical re- 
searches, is their power of absoroing' light £ven the most 
transparent bodies in nature, air and water, when in sufficient 
thickness, are capable of absorbing a great quantity of light 
On the summit of the highest mountains, where their %ht 
has to pass throuj^h a much less extent of air, a much greater 
number of stars is visible to the eye than in the plains below; 
and through great depths of water objects become almost in- 
viiiibie. The absorptive power of air is finely displayed in 
tlie color of the morning and evening clouds ; and that of 
water in the red color of the meridiim sun, when seen from 
a diving-bell at a great depth in the sea. In botii these cases, 
one class of rays is absorbed more readily than another in 
passing through the absorbing medium, while the rest make 
their way in the one case to the clouds, and in the other to 
the eya 

Nature presents us with bodies of all degrees of absorptive 
power, as shown in the following brief enumeration : — 



Charcoal. 

Coal of all kinds. 

Metals in general. 

Silver. 

Gold. 

Black hornblende. 

Black pleonaste. 



Obsidian. 

Rock crystal. 

Selenite. 

Gkss. 

I^ica. 

Water and transparent fluids. 

Air and gases. 



Although charcoal is the most absorptive of all bodies, yet, 
when it exists in a minutely divided state, as in some of the 
gases and flames, or in a particular state of agfifregation, as in 
the diamond, it is highly transparent In uke manner, all 
metals are transparent in a state of solution ; and even silver 
and gold, when beaten into thin films, are translucent, the 
former transmitting a beautiful blue, and the latter a beautiful 
green light* 

•See Note No. VI. of Am. ed., in the notes followinf the author'f 
Appendix. 
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Philosophers have not yet ascertained the nature of the 
power hy which bodies absorb light Some have thought 
that the particles of ligfht are reflected in all directions by the 
particles of the absorbing body, or turned aside by the &rceB 
resident in the particles ; while others are of opinion that 
they are detained by the body, and assimilated to its sub- 
stance. If the particles of light were reflected or merely 
turned out of their direction by the action of the particles, it 
seems to be quite demonstrable that a portion of the most 
opaque matter, such as charcoal, would, when exposed to a 
strong beam of light, become actually phosphorescent during 
its illumination, or would at least appear white ; but as' all the 
light which enters it is never again visible, we must believe, 
till we have evidence of the contrary, that the light is actu- 
ally stopped by the particles of the body, and remains within 
it m the form of imponderable matter. 

Some idea may be formed of the law according to which a 
body absorbs light, by supposing it to consist of a given num* 
ber i^ equally 5iin plates, at the refracting sur&ces of which 
there is no light lost by reflexion. If the first plate has the 
power of ab^rbing ^th of the light which enters it, or 100 
rays out of 1000 ; Sien -^ths of the original light, or 900 rays, 
will fall upon the second plate ; and Ath of these, or 00, be- 
ing absorbed, 810 will fall upon the third plate, and so on. 
Hence it is obvious that the quantity of light transmitted by 
any number of films is equal to the light transmitted through 
one film multiplied as often into itself as there are filma 
Thus, since 900 out of 1000 rays are transmitted by one film 
nrX Ax A equal to j^^^^, or 729 rays, will be the quantity 
transmitted by three nlms ; and therefore the quantity absorb- 
ed will be 271 rays. Of the various bodies which absorb 
light copiously, there are few that absorb all the colored rays 
of the spectrum in equal proportions. While certain clouds 
absorb the blue rays and transmit the red, there are others 
that absorb all the rays in equal proportions, and exhibit the 
sun and the moon when seen through them perfectly white. 
Ink diluted is a fine example of a fluid which absorbs all the 
colored rays in equal proportions ; and it has on this account 
been applied by Sir William Herschel as a darkening sub- 
stance for obtainuig a white image of the sun. Black pleon- 
asl^ and obsidian aflbrd examples of solid substances which 
absorb all the colors of the spectrum proportionally. 

(86.) All colored transparent bodies, however, whether 
solid or fluid, do not necessarily absorb the colors proportion- 
ally ; for it is only in conseouence of an unequal absorption 
that they could appear colored by transmitted light In order 
L 
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lo e.tbibit this absorptive power, take a thick piece of the blue 
gflass tha.. is used for finger glasses, and which is sometimas 
met with in cylindrical rods of about ^ths of an inch m 
diameter, and shape it into the form of a wedge. Form a 
prismatic image of the candle, or, what is better, of a narrow 
rectangiilar aperture in the window by a prism, and examine 
this prismatic image through the wedge of colored glass. 
Through the thinnest edge the spectrum will be seen nearly 
as complete as before the interposition of the wedge ; but as we 
look at it through greater and greater thicknesses, we shall 
see particular parts or colors of the spectrum become &inter 
and faihter, and gradually disappear, while others sufier but a 
slight diminution of their brightness. When the thickness is 
about the twentieth part of an inch, the spectrum will have 
the appearance shown in Jig, 08., where the middle Rqf the 
red space is entirely absorbed, the inrter red that is left is 
weakened in intensity ; the orang'e is entirely absorbed ; the 
yeUow Y is left ahnost insulated ; the green G on the side of 
Pig.GB. ^^® yellow is very much absorbed; 

' and a slight absorption takes place 

III M I along the green and blue space. At 

J Jiyiiii I a ffreater thickness still, the initer 

^^ G V j^ diminishes rapidly, and also the 

yellow, green, and blue ; till, at a certain thickness, all the 
middle colors of the spectrum are absorbed, and nothing left 
but the two extreme colors, the red R anid the violet V, as 
shown in Jig, 69. As the red light R has much greater in- 
jj, gg tensity than the violet, the glass 

has at this thickness the appearance 
of being a red glass; whereas at 
small thicknesses it had the ai^)ear- 
ance of being a blue glass. 
Other colored media, instead of absorbing the spectrum in 
the middle, attack it, some at one extremity, some at another, 
and others at both. Red glasses, for exam^^e, absorb the blue 
and violet with great force. A thin plate of native yellow 
orpiment absorbs the violet and refrangible blue rays very 
powerfully, and leaves the red, yellow, and green but little 
affected. Sulphate of copper attacks both ends of the spec- 
trum at once, absorbing the red and violet rays with great 
avidity. In consequence of these different powers of absor|>- 
tion, a very remarkable phenomen(»i may be exhibited. If 
we look through the blue glass so as to see the spectrum in 
Jig, 69., and then look at this spectrum again with a thin 
plate of sulphate of copper, which absorbs the extreme rayff 
lit R and V» the two substances tiius combined will be abso 
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lately opaque, and not a ray of li^ht will* reach the eve. The 
el^t is perhaps more striking if we look at a bright white 
object through the two media together. 

(87.) In attempting to ascertain the influence of heat aa 
the absorbing power of colored media, I was surprised to ob- 
serve that it produced opposite effects upon different glasses, 
diminithing the absorbing power in some and increasing it 
in others. Having brought to a red heat a piece of purple 
glass, thaJt absorb^ the greater part of the enreen, the yellow, 
and the interior or most refrangible red, I held it before a 
strong light; and when its red heat had disappeared, I ob- 
serve tluit the transparency of the glass was mcreased, and 
that it transmitted freelj^ the greeu, the yellow, and the 
interior red, all of which it had formerly, in a great measure, 
absorbed. This effect, however, gradually disappeared, and 
it recovered its &rmer absorbent power, when completely 
cold. 

When yellowi^-green glass was heated in a similar man- 
ner, it lost its transparency almost entirely. In recovering its 
green color, it passed through various shades of olive green ; 
tnit its tint, when cold, continued less green than it was be- 
fere the experiment A part of the glass had received in 
cooling a polarizing structure, and this part could be easily 
distmguished from the other part bv a difference of tint 

A ]^te of deep red glass, which gave a homoffeneous red 
image of the candle, became very opaque when neated, and 
scarcely transmitted the light of the candle after its red heat 
had subsided. It recover^ however, its transparency to a 
certain degree; but when Cjold, it was more opaque than the 
piece from which it was broken. I have observed analogous 
phenomena in mineral bodies. Certain specimens of topaz 
have fheir absorbing power permanently changed by heat 
In subjecting the £las ruby to high degrees of heat, I ob- 
served that its red color changed into greets which gradually 
&ded ' into brown as the coding advanced, and resumed by 
degrees its original red color. In like manner, M. fierzelius 
ol»erved the spinelle to become broum by beat, then to grow 
opaque as the heat increased, and to pass through a fine olive 
green before it recovered its red color. A remarkable change 
of absorbent power is exhibited by heating very considerably, 
but so as not to inflame it, a plate of yellow native orpiment^ 
which absorbs the violet and blue rays. The heat renderp it 
almost blood red, in consequence of its now absorbing the 
greater part of the green and yelbw rays. It resumes its 
n)rmer color, however, by cooling. A still more striking 
e&ct may be produced with pure phosphorus, which is of a 
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slightly yellow color, transmittinff freely almoet all the color- 
ed rays. When melted, and suddeDly coded, it acquired the 
power of absorbioff all the colors cf the spectrum at thick- 
nesses at which it formerly transmitted them alL The black- 
ness produced upon pure phosphorus was first observed by 
Thenard. Mr. Faraday observed, that glass tinged purple 
wiUi manganese had its absorptive power altered by the mere 
transmission tiirough it of the solar rays. 

By the method above described of absoibing particular 
colors in the i^ctrum, I was led to propose a new method of 
analyzing white light The experiments with the blue glass 
incontestably prove that the orange and green colors in solar 
light are compound colors, which, though they cannot be de- 
composed by the prism, may be decomposed by absorption, by 
which we may exhibit alone the red part of the orange and 
the blue part of the green, or the yellow part of the orange 
and the yellow part of the green ; and, by submitting the 
other colors of the spectrum to the scrutiny of absorbent 
media, I was led to the conclusions respecting the spectrum 
which are explained in Chapter VII. 

We have already seen that in the solar spectrum, as de- 
scribed by Fraunhofer, there are dark lines, as if rays of par- 
ticular refrangibilities had been absorbed in their course from 
the sun to the earth. The absorption is not likely to have 
taken place in our atmosphere, otherwise the same lines 
would have been wanting in the spectra from the fixed stars, 
and the rays of solar light reflected from the moon and planets 
would probably have been modified by their atmospheres. 
But as this is not the case, it is probable that the rays which 
are wanting in the spectrum have been absorbed by the sun's 
atmosphere, as Mr. Herschel has supposed. 

(88.) Connected with the preceding phenomena is the sub- 
ject of colored flames, which, when examined by a prism, 
exhibit spectra deficient in particular rays, and resembling 
the solar spectrum examined by colored glasses. Pure hy- 
drogen gas bums with a blue name, in which many of the 
rays of liffht are wanting. The flame of an oil lamp contains 
most of the rays which are wanting in sun-light Alcohol 
mixed with water, when heated and burned, wfords a flame 
with no other rays but yellow. Almost all salts communi- 
cate to flames a peculiar color, as may be seen by introducing 
the powder of these salts into the exterior flame of a candle, 
or into the wick of a spirit lamp. The following results, ob« 
tained by diflferent authors, have been given by Mr. He^ 
schel : — 



CPAF. ICyn. ^OVBUB B£FBA£7ri02r. ld(V 

Sahs of Boda, Homc^eooi yellow. 

potash, Pale violet. 

— lime, Brick red. 

— strontia, ..... Bright crimson. 

lithia, Red. 

baryta Pale apple green. 

copper, Bluish green. 

According to Mr. Herschel the muriates succeed best oo 
•ccouBt of their volatility. 



CHAP. xvn. 

ON THE DOUBLE REFRACTION OF LIGHT. 

(89.) In the preceding chapters of this work it has always 
been supposed, when treating of the refraction of light, either 
through surfaces, lenses, or prisms, that the transparent or re- 
firacting body had the same structure, the same temperature, 
and the ^me density in every part of it, and in every direc- 
tion in which the ray could enter it Transparent bodies of 
this kind are gases, fluids, solid bodies, such as different kinds 
of glass, formed by fusion, and slowly and equally cooled, and 
a numerous class of crystallized bodies, the form of whose 
primitive crystal is the cvbey the regular octohedron, and the 
rhomboidtU dodecahedron. When any of these bodies have 
the same temperature and density, and are not subject to any 
pressure, a single pencil of light incident upon any single sur- 
face of them, perfectly plane, will be refracted into a single 
pencil according to the law of the sines explained in Chap- 
ter IIL 

In almost all other bor '/es, including salts and crystallized 
minerals not having the primitive forms above mentioned; 
animal bodies, such as hair, horn, shells, bones, lenses of ani- 
mals and elastic integuments ; vegetable bodies, such as cer- 
tain leaves, stalks, and seeds ; and artificial bodies, such as 
resins, gums, jellies, glasses quickly and unequally cooled, and 
solid bcdies having unequal density either from unequal tem- 
perature or unequal pressure; — in all such bodies a single 
pencil of ligiit incident upon their surfaces will be refracted 
into two different pencils, more or less inclined to one another, 
according to the nature and state of the body, and according 
to the direction in which the pencil is incident. The separa- 
tbn of the two pencils is sometimes very great, and in most 
cases easily observed and measured ; but in other cases it is 
L2 
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not visible, and its existence is inferred only from certain 
effects which could not arise except from two redacted pen- 
cils. The refraction of the two pencils is called double re-' 
fraction, and the bodies which produce it are called dottbly 
refracting bodies or crystals. 

As the phenomena of double refraction were first discovered 
in a transparent mineral substance called Iceland spar, calcth 
reoxu spar, or carbonate of lime, and as this substance is ad- 
mirably fitted for exhibiting them, we shall begfin by explain- 
ing the law of double reaction as it exists m this mineral 
Iceland spar is composed of 66 parts of lime, and 44 of car- 
bonic acid. It is found in almost all countries, in crystals of 
various shapes, and often in huge masses ; but, whether found 
in crystals or in masses, we can always cleave it or split it 
into shapes like that represented in Jig. 70., which is called a 
«^ ^ rhomb of Iceland spar, a solid bounded by 

six equal and similar rhomboidal surfaces, 
whose sides are parallel, and whose angles 
B A C, A C D are 101^ 55' and 7B° 5'. The 
inclination of any face A B C D to any of 
the adjacent faces that meet at A is 105° 5', 
and to any of the adjacent &ces that meet 
at X 74° 55'. The line A X, called the 
axis of the rhomb or of the crystal, is equally inclined to each 
of the six faces at an angle of 45°^23'. The angle between 
any of the three edges, BA, CA, EA, that meet at A, or of 
the three that meet at X, and the axis A X is 66° 44' 46", and 
the angle between any of the six edges and the feces is 113*^ 
15' 14" and 66° 44' 46". 

(90.) Iceland spar is very transparent, and generally color- 
less. Its natural faces, when it is split, are commonly even 
and perfectly polished ; but when they are not so, we may, by 
a new cleavage, replace the imperfect face by a better one, or 
we may grind and polish any imperfect face. 

Havm^ procured a rhomb of Iceland spar like that in the 
figure, with smooth and well polished feces, and so large tliat 
one of the edges A B is at least an inch long, place one (rf* 
its faces upon a sheet of paper, having a black line MN 
drawn upon it, as shown in Jig. 71. If we then look through 
the upper surface of the rhomb with the eye about' R, we 
shall probably see the line M N double ; but if it is not, 
it will become double by turning the crystal a little round. 
Two linei^ M N, win, will then be distinctly visible ; and 
upon turning the crystal round, preserving the same side 
always upon the paper, the two lines will coincide with one 
another, and appear to fi>rm one at two opposite points during 
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a whole revolution of the crystal ; and at two other opposite 
points, nearly at right angles to the former, the lines will be 
at their greatest distance. If we place a black tpot at O, or 
a luminoas aperture, such as a pin*hole in a wafer, with light 
passing through the hole, the spot or aperture will appear 

Fig. 71. 




ionble, as at O and £ ; and by turning the crystal round aa 
tefere, the two images will be seen separate in all positions ; 
the one, E, revdving, as it were, round the other, O. 

Let a ray or pencil of light, R r, fall upon the surfiice of 
the rhomb at r, it will be refracted by the action of the sur- 
foce into two pencils, r O, r £, each of which, being again 
refracted at the second surface at the points O, £, wul move 
in the directions O o, E e, parallel to one another and to the 
incident ray R r. The ray R r has therefore been doubly re- 
firacted by the rhomb. 

If we now examine and measure the angle of refraction of 
the ray r O corresponding to different angles of incidence, we 
shall find that, at 0^ of incidence, or a perpendicular inci- 
dence, it suffers no refraction, but moves straight through the 
crystal in one unbroken line ; that at all other angles of inci- 
dence the sine of the angle of refraction is to that of inci- 
dence as 1 to 1*654 ; and that the refracted ray is always in 
the same plane as that of the incident ray. Hence it is ob- 
vious that the ray r O is refracted according to the ordinary 
law of refraction, which we have already explained. If we 
now examine in the same way the ray r E, we shall find that, 
at a perpendicular incidence, or one of 0°, the angle of re- 
fraction, in place of being 0°, is actually 6*^ 12' ; that at other 
incidences the angle of refraction is not such as to follow the 
constant ratio of the sines ; and, what is still more extraordi- 
nary, that the refracted ray r E is bent to one side, and lies 
entirely out of the plane of incidence. Hence it follows that 
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the pencil r E is refiracted according to some new and extra- 
ordinary law of re&ajctioD. The ray r O is therefore called 
the ordtnary rtuf^ and r £ the extraordinary ray. 

If we caose the ray R r to be incident in various different 
directions, either on the natural faces of the rhomb or on 
faces cut and polished artificially, we shall find that in Iceland 
spar there is one direction, namely, A X, along which, if the 
refracted pencil posses, it is not refracted into two pencils, or 
does not suffer double re&action. In other crystals there are 
two such directions, forming a,n angle with each other. In the 
former case the crystal is said to have one axis of double re- 
fraction, and in the latter case two axes of double refraction. 
These lines are called axes of double refraction, because the 
phenomena are related to these lines. In some bodies there 
are certain planes, along which, if the refracted ray passes, it 
experiences no double refraction. 

An axis of double refraction, however, is not, like the axis 
of the earth, a fixed line within the rhomb or crystal. It is 
only a fixed direction : for if we divide, as we can do, the 
rhomb ABC, fig. 70., into two or more rhombs, each of these 
separate rhombs will have their axes of doable refi*action ; but 
when these rhombs are again put together, their axes will be 
all parallel to A X. Every line, therefore, within the rhomb 
parallel to A X, is an axis of double refraction ; but as these 
lines have all one and the same direction in space, the crystal 
is still said to have only one axis of double refiraction. 

In making experiments with different crystals, it is f(»ind 
that in some the extraordinary ray is refracted towards the 
axis A X, while in others it is refracted from the aocis A X. 
In the first case the axis is called a positive axis of double 
refraction, and in the second case a negative axis o/* double 
refraction. 

On Crystals with one Axis of Dofuble Refraction, 

(91.) In examining the phenomena of double refraction iq 
a great number of crystallized bodies, I found that all those 
crystals whose primitive or simplest form had only one axis 
of figure, or one pre-eminent line round which the figure was 
symmetrical, had also one axis of double refraction ; aiid that 
their axis of figure was also the axis of double refraction. The 
primitive forms which possess this property are as follows >-* 

The rhomb with an obtuse summit 

The rhomb with an acute summit 

The regular hexahedral prism. 

The octohedron with a square base. 

The .right prism witli a square base. 
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(92.) The following Table contains the crystals which have 
one axis of double refraction, arranged under their respective 
primitive forms, the si^ + being prefixed to those that have 
positive double refraction, and — to those that have negative 
double refraction. 




J^.73. 




JV-7^ 



ki 



1. Rhomb with obtuse summit^ fig, 72., 



— Carbonate of lime (Iceland 

spar. 
— Carbonate of lime and iron. 
— Carbonate of lime and mag- 



— Phosphato-arseniate of lead. 
— Carbonate of zinc. 
— ^Nitrate of soda. 



— ^Phosphate of lead. 
— Ruby silver. 
— Levyne. 
— Tourmaline. 
— Rubellite. 
— ^Alum stone. 
—^Dioptase. 
— Quartz. 



2. Bhomb with acute summit, fig. 73. 



— Corundum. 
— Sapphire. 
— ^Ruby. 



— Cinnabar. 

— ^Arseniate of co^^er. 



3. Regular Hexahedral Prisn., fig, 74 



—Emerald. 

—Beryl. 

^Phosphate of lime (apatite). 



— ^Nepheline. 

— ^Arseniate of lead. 

-f Hydrate of magnesia. 



4. Octahedron with a square base, fig, 75. 



+ Zircon. 
4- Oxide of tin. 
-fTungstate erf" lime. 
— Mellite. 



— Molybdate of lead. 
— Octohedrite. 
— ^Prussiate of potash. 
— Cyanide of mercury. 
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5. Right Priim tnth a square 2^«, Jig, 76. 



— ^Idocrase. 

— Weraerite. 

— Paranthine. 

— Meionite. 

— Somervillite. 

— ^EMing^onite. 

— Arseniate of potash. 

— Sub-pho8phate of potash. 

— Phosphate of ammonia and 

magnesia. 

In all the preceding crystals, and in the primitive ferme to 
which they belong, the line A X is the axis of figure and of 
double refraction, or the only direction along which there is 
no double refraction. 

On the Law qf Double Refraction in Crystals with'one 

Negative Axis. f ' 

(99.) In order to give a familiar explanation of the law of 



— Sulphate of nickel and cop- 
per. 

— ^Hydrate of strontia. 

+ Apophyllite of utoe. 

4-Oxahverite. 

+Superacetate of copper and 
lime. 

-I-Titanite. 

-I- Ice (certain crystals). 



Fig^Ti. 



double refraction, let us suppose 
that a rhomb of Iceland spar is 
turned in a lathe to the form of 
a sphere, as shown in Jig. 77., 
AX being the axis of both the 
rhomb and the sphere. 

If we now make a ray pass along 

the axis A X, afler grinding or 

polishing a small flat surface at 

A and X, perpendicular to A X, we shall find that there is no 

double refraction ; the ordinary and extraordinary ray forming 

a single ray. Hence, 

The index of refraction along ) 1*654 for ordinary ray. 

the axis A X will be - ^ 1-654 for extraordinary ray 

OOOO di^raice. 
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If we do the same at any point, a, about 45° firom the azii, 

we shall have 

The index of refraction along the line ^ 1*054 for ordinary ray. 
R 6 O, which is nearly perpen- > 1*572 for extraordinary 
dietdar to the ^e of the rhomb, ) ray. 

0.082 difference. 

If we do the same at any point of the equator C D, in- 
clined 90° to the axis, we shall have 
The index of refraction per- > 1*654 for ordinary ray. 
pendicular to the axis, \ 1.483 for extraordinary ray. 

0171 difference. 

Hence it follows that the index of extraordinary refraction 
decreases from the axis A X to the equator C D, or to a line 
perpendicular to the axis, where it is tiie least The 
index of extraordinary refraction is the same at all equal 
angles with the axis A X ; and hence, in every part of a cir- 
cle described on the sur&ce of the sphere round the pole A or 
X, the index of extraordinary refraction has the same value, 
and Consequently the double refraction or separation of the 
ra3rB will be the same. In crystals, therefore, with one axis 
of double refraction, the lines of equal double refraction are 
circles parallel to the equator or circle of greatest double 
refraction. 

The celebrated Huygens, to whom we owe the discovery 
of the law of double refVaction in crystals with one axis, has 
given the following method of determining the index of ex- 
traordinary retVaction at any point of the sphere, when the 
ray <^ light is incident in a plane passing through the axis of 
the crystal AX: — 

Let it be required, for example, to determine the index of 
refraction for the extraordinary ray Rab, Jig. 77., A X being 
the axis, and C D the equator of the crystal ; the ordinary 
index of refraction being known, and also the least extra- 
ordinary index of refraction, or that which takes place in the 
equator. In calcareous spar these numbers are 1'654 and 
1.48a From O set off in the lines O C, O D continued, O c, 
O (2, so that OCorODistoOcorOrfas y.^V? ^ ^ ttW 
or as -604 is to -674 ; and through the points A, c, X, rf, draw 
an ellipse, whose greater axis is c rf, and whose lesser axis is 
A X. The radius O a of the ellipse will be what is called 
the reciprocal of the index of refraction at a ; and as we can 
find O a, either by projecting the ellipse on a large scale, or 
by calculation, we have only to divide 1 by O a to have that 
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index. In the present caae O a is '696, and .^ is equal to 
1*572, the index required. 

As the index of extraordinary refraction thus found always 
diminishes from the pole A to the equatcHr C D, and is always 
equal to the index of ordinary refraction minus another 
quantity depending on the difference between the radii of the 
circle and those of the ellipse, the crystals in which this 
takes phice may be properly said to have negative double 
refraction. 

In Order to determine the direction of the extraordinary 
refracted ray, when the plane of incidence is oblique to a 
plane passing throu^ the axis, the process, either by projec- 
tion or calculation, is too troublesome to be given in an ele- 
mentary work. 

In every case the force which produces the double refrac- 
tion exerts itself as if it proceeded from the axi& 

Every plane passing through the axis is called a principal 
section of the crystal 

On the Law of Double Refraction in Crystals with one 

Positive Axis, 
(94.) Anx)nff the crystals best fitted for exhibiting the 
phenomena of positive double refimctkin is rock crystal or 
quartz^ a mineral which is generally found in six-sided 
prisms, like ^g. 78., terminated with six-sided pyra- 
mids, £, F. 

If we now grind down the summits A and X, 
and replace them by fiices well polished, and per- 
pendicular to the axis A X ; and if we transmit a 
ray through these feces, so that it may pass along 
the axis A X, we shall find that there is no double 
refraction, and that the index of refraction is as 
fi)llows: — 

Index of refraction along > 1*5484 for ordinary jray. 
the axis AX - - ^ 1-5484 for extraordinary ray 

0-0000 diflference. 
If we now transmit the ray perpendicularly through the 
parallel faces E F, which are inclined 38° 20' to the axis A X, 
the plane of its incidence passing through A X, we shall 
obtain the following results : — 

thepyramid - - - ^ 1-5544 fiir extraordmary ray. 
0-0090 difference. 
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In like manner, it will be found that when the ray passes 
perpendicularly through the faces C D, perpendicular to the 
axis A X, the index of extraordinary refraction is the 
greatest, viz. 

the prism CD - - ^ 1-5582 for extraordmary ray. 

0-0098 difference. 
Hence it appears that in quartz the index of extraordinary 
refraction increases from the pole A to the equator C D, 
whereas it diminished in calcareous spar, and the extraordi- 
nary ray appears to be drawn to the axis. 

In this case the variation of the index of extraordinary 
refraction will be represented by an ellipse, A c X <2, whose 
greater axis coincides with the axis 
A X of double refraction, as in Ji/ar, 
79., and O C will be to Oc as j-xty^ 
is to T.yJ^, or as 6458 is to -e^ia 
By determmin^, therefore, the radius 
O a of the ellipse for any ray R 6 a, 
and dividing 1 by it, we shall have 
the index (? extraordinary refraction 
for that ray. 

As the index of extraordinary refraction is always equal to 
the index of ordinary refraction, plus another quantity de- 
pending on the difierence between the radii c£ the circle and 
the ellipse, tlie crystals in which this takes place may properly 
be said to have positive double refraction. 

On Crystals with two Axes of Double Refraction. 
(95.) The great variety of crystals, whether they are 
mineral bodies or chemical substances, have two axes of 
double refraction, or two directions inclined to each other 
along which the double refraction is nothing. This property 
of possessing two axes of double refraction I discovered in 
1815, and I found that it belonged to all the crystals which 
are included in the prismatic system of Mohs, or whose 
primitive forms are, 

A right prism, base a rectangle. 

base a rhomb. 

base an oblique parallelogram. 

Obliqae prism, base a rectangle. 

— — — base a rhomb. 

base an oblique parallelogram. 

Octohedron, base a rectangle 

— base a rhomb. 

M 
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In all these primitive forms there is sot a Hngle pre-emi- 
nent line or axis about which the figure is symmetrical. 

The folbwing is a list of some of the most important crys- 
tals, with their primitive forms according to Hauy, and the 
inclination of the two lines or axes along which there is no 
double refraction : — 

Glauberite - - - 2° or 3^ Oblique prism, base a rhomb. 

Nitrate of potash - 5^ 20' Octohedron, base a rectangle, 

Arragonite - - - 18 18 Octohedron, base a rectangle. 

Sulphate of baryta - 37 42 Right prism, base a rectangle. 

Mica 46 Right prismj base a rectangle. 

Sulphate of lime - 60 j ^^^^JTe^'^r "* "^"^ 

Topaz - - - - 65 Octohedron, base a rectangle. 

Carbonate of potash 80 30 Prismatic system of Mohs. 

Sulphate of iron - 90 Oblique prism, base a rhomb. 

In crystals with one axis of double refraction, the axis has 
the same position whatever be the color of the pencil of light 
which is used ; but in crystals with two axes, the axes change 
their position according to the color of the light employed, so 
that the inclination of the two axes varies with differently 
colored rays. This discovery we owe to Mr. Herschel, who 
found that in tartrate of potash and sdda (Rochelle salts) 
the inclination of the axis for violet light was about 56^, 
while in red light it was about 76°. In other crystals, such 
as nitre, the inclination of the axes for the violet rays is 
greater than for the red rays ; but in every case the line 
joining the extremity of the axes for all the ditferent rays is 
a straight line. 

In examining the properties of Glauberite, I found that it 
had two axes for red light inclined about 5°, and only one 
axis for violet light. 

It was at first supposed that in crystals with two axes, one 
of the rays was refracted according to the ordinary law of the 
sines, and the other by an extraordinary law ; but Mr. Fresnel 
has shown that both the rays are refiucted according to fews 
of extraordinary refraction. 

On Crystals loith innumerable Axes of Double Refraction, 

(96.) In the various doubly refracting bodies hitherto men- 
tioned, the double refraction is related to one or more axes ; 
but I have found that in analcime there are several planes, 
along which if the refracted ray passes, it will not suffer 
double refraction, however various De th^ directions in which 
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it is incident Hence we may consider each of these planes 
as containing an infinite number of axes of double refraction, 
or rather lines in which there is no double refraction. When 
the ray is incident in any other direction, bo that the refracted 
ray is not in one of these planes, it is divided into two rays 
fay doable refraction. No other substance has yet been ftund 
possessing the same property. 

On Bodies to which Double Rejradum moy be communicated 
by Heat, rapid Cooling, Pressure, and Induration, 

(97.) If we take a cylinder of glass, C D, fig. 80., and 
ji^. 80. having brought it to a red heat, roll it along a plate 
of metal upon its cylindrical surfeice till it is cold, it 
will acquire a permanent doubly refracting struc- 
ture, and it will become a cylinder with one positive 
axis of double refraction, A X, coinciding with the 
axis of the cylinder, and along which there is no 
. M double refraction. This axis differs from that in 
^X quartz, as it is a fixed line in the cylinder, while it 
is only a fixed direction in the quartz ; that is, any 
other line parallel to A X, Jiff. 80., is not an axis of double 
refraction, but the double renuction along that line increases 
as it approaches the circumference of the cylinder. The 
double refraction is a maximum in the direction C D, being 
equal in every line perpendicular to the axis, and passing 
through it 

If, instead of heatiit^ the glass cylinder, we had placed it 
in a vessel and surrounded it with boiling oil or boiling water, 
it would have acquired the very same doubly refractinfr struc- 
ture when the heat had reach^ the axis A X ; but this struc- 
ture is only transient, as it disappears when the cylinder is 
uniformly heated. 

If we had heated the cylinder uniformly in boiling oil, or at 
a fire, so as not to soften the glass, and had placed it in a cold 
fluid, it would have acquired a transient doubly refracting 
structure as before, when the cooling had reached the axis 
A X ; but its axis of double refraction A X will now be a 
negative one, like that of calcareous spar. 

Analogous structures may be produced by pressure and by 
the induration of soft solids, such as animal jellies, isinglass, &c. 
If the cylinder in the preceding explanation is not a circular 
one, but has its section perpendicular to the axis everywhere 
an ellipse in place of a circle, it will have two axes of double 
refraction. 

In like manner, if we uise rectangular plates of glass in- 
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Stead of cylinders in the preceding Gxperiments, we AaR have 
plates with two planes of double refraction ; a positive stmc- 
ture being on one side of each plane, and a n^ative one oo 
the other. 

If we use perfect spheres, there will be axes of doable le- 
firaction along every diameter, and consequently an infinite 
number of them. 

The crystalline lenses of almost all animals, whether they 
are lenses, spheres, or spheroids, have one or more axes of 
double refraction. 

All these phenomena will be more fully explained when we 
treat of the colors produced by double refraction. 

On Substances toith Circidar Double Refraction. 

(08.) When we transmit a pencil of light along the axis 
A A, Jig. 78., of a crystal of quartz, it suffers no double re- 
fraction; but certain phenomena, which will be afterwards 
described, are seen along this axis, which induced M. Fresnel 
to examine the light which passed along the axis. He found 
that it possessed a new kind of double refraction, and he dis- 
tinctly observed the refraction of the two pencils. This kind 
of double refraction has, from its properties, been called dr^ 
cular; and it is divided into two kinds, — -positive or right- 
handed, and negative or left-handed. 

The following substances possess this remarkable prop- 
erty : — 

Positive Substances, Negative Substances. 

Rock crystal, certain epeci- 
mens. 

Camphor. 

Oil of turpentine. 

Solution of camphor in al- 
cohol. 

Essential oil of laurel. 

Vapor of turpentine. 

In examining this class of phenomena, I found that the 
amethyst possessed in the same crystal both the positive and 
the negative circular double refraction. This subject will be 
more fully treated when we come to that of circular polar- 
ization.* 

* For the rnrmuliB referring tn certain of the articles of this and of the 
inbaeqiient chapter, see (in the College edition,) Appendix of Am. ed,, 
Cbap. VI. 



Rock crystal, certain speci- 

mens. 
Concentrated syrup of sugar. 
Essential oil of lemon. 
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CHAP. xvin. 

ON THB POLARIZATlOlf OF UOBT. 

If we trajasmit a beam of the son's light through a circular 
aperture into a dark room, and if we reflect it from any crys- 
tallized or uncr3rstallized body, or transmit it through a thin 
plate of either of them, it will be reflected and transmitted in 
the very same manner and with the same intensity, whether 
the 8ur&ce of the body is held above or below the beam, or on 
the right side or left, or on any other side of it, provided that 
in all these cases it falls upon the sur&ce in the same manner ; 
or, what amounts to the same thing, the beam of solar light 
has the same properties on all its sides; and this is true, 
whether it is white light as directly emitted from the sun, or 
whether it is red light, or light of any other color. 

The same property belongs to light emitted &om a candle, 
or any burning or self-luminous tndy, and all such light ia 
called comnum light A section of such a beam of light will 
be a circle, like A C B D, Jig. 81., and we shall distinguish 

Fig. 81. 




the section of a beam of common light by a circle with two 
diameters, A B, C D, at right angles to each other. 

If we now allow the same beam of light to lall upon a 
rhomb of Iceland spar, as in fig. 71., and examine the two 
circular beams O o, E e, formed by double refraction, we shall 
And, 

1. That the beams O o, E e, have diflerent properties on 
difierent sides ; so that each of them differs, in tliis respect, 
from the beam of common light 

2. That the beam O o difiers from E c in nothing, excepting 
that the former has the same properties at the sides A' and B* 
that the latter has at the sides O and D', as shown in jfig. 81. ; 
or, in general, that the diameters of the beam, at the extremi- 
ties of which tbe beam has similar properties, are at right 
angles to each other, as A' B' and C D', &r example. 

M2 
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These two beams, O o, E e, fig, 81., are therefore said to 
be polarized, or to be beams of polarized light, because they 
have sides or poles of different properties ; and planes passing 
through the hnes A B, C D, or A' B', C D', are said to be the 
planes of polarization of each beam, because they have the 
same property, and one which no other plane passing- through 
theboun possesses. 

Now, it is a curious &ct, that if we cause the two polarized 
beams O o, £ e to be united into one, or if we produce them 
by a thin plate of Iceland spar, which is not capable of sepa- 
rating them, we obtain a beam which has exactly the same 
properties as the beam A B C D of common light 

Hence we infer, that a beam of conmion light, A B C D, 
consists of two beams of polarized li^ht, whose planes of po- 
larization, or whose diameters of simihir properties, are at 
ri^ht angles to one another. If O o is laid upon £ e, it 
will produce a figure like A B C D, and we, therefore, re- 
present conmion light by such a figure. If we place O o 
above E e, so that the planes of polarization A' B' and C jy 
coincide, then we shall have a beam of polarized light twice 
as luminous as either Oo or £«, and possessing exactly 
the same properties ; for the lines of similar property in the 
one beam coincide with the lines of similar property in the 
other. 

Hence it follows that there are three ways of converting a 
beam of common light, A B C D, into a beam or beams of po- 
larized light 

1. We may separate the beam of common light, A B C D, 
into its two component parts, O o and £ e. 

2. We may turn round the planes of polarization, A B, C D, 
till they coincide or are parallel to each other. Or, 

3. We may absorb or stop one of the beams, and leave the 
other, which will consequently be in a state of polarization. 

The first of these methods of producing polarized light is 
that in which we employ a doubly refracting crystal, which 
we shall now consider. 

On the Polarization of Light by Double Refraction, 

(99.) When a beam of light suffers double refraction by 
a negative crystal, as Iceland spar, fig, 71., where the ray 
R r is incident in the plane of the principal section, or, what 
is the same thing, in a plane passing through the axis, the two 
pencils r O, r £ are each polarized ; the plane of polarization 
of the ordinary ray, r O, cdnciding with thie principal section, 
and the plane of polarization of the extraordinary ray, r £, bemg 
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at right angles to the principal section. In fig, 82., if O be 
made to denote a section of the ordinary beam r O, fig. 71., E, 
the diameter of which is drawn at right angles to t&t of O, 
will represent a section of the extraordinary beam r £. 
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If the beam of light R r is incident upon a pontive crystal, 
like quartz, O of fig, 83., wiU be the symbol of the ordmary 
ray, and £ that of me extraordinary ray. 

The phenomena which arise from this opposite polarization 
of the two pencils may be well seen in Iceland spar. For this 
purpose let A r X be the principal section of a rhomb of Ice- 
land spar, fig, 84., through the axis A X, and perpendicular 
to one of the fiices, and let A' F X' be a similar section of an- 
other rhomb, all the lines of the one being parallel to all the 
lines of the other. A ray of light, R r, incident perpendicu- 
larly at r, will be divided into two pencils ; an ordinary one, 
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- D, and an extraorduiary one, r C. The ordinary ray felling 
on the second crystal at G, again suffers ordinary refraction, 
and emerges at K an ordinary ray, O o, represented by the 
symbol O, fig. 82. In like manner the extraordinary ray, r C, 
&lling on tiie second crystal at F, again sufiers extmordinary 
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refraction, and emerges at H an extraoixliQary ray, E e, repre- 
aented by E,Jig. 82. These results are exactly the same as if the 
two crystaU had formed a single crystal by being united at their 
Bur&ces C X, A' G, either by natural cohesion or by a cement 
Let the upper crystal A X now remain fixed, with the same 
ray R r billing upon it, and let the second crystal A' X' be 
turned round 90<^, so that its principal section is perpendicular 
to that 0^ the upper one, as shown in Jig. 85. ; then the ray 
r D ordinarily refracted by the first rhomb will be extraordi- 
narily refracted by the secoild, and the ray r C extraordinarily 
refiacted by the first rhomb will be ordinarily refracted by the 
second. 

The pencils or images formed from the ray R r, in the two 
positions shown in Jigs. 64. and 85., may be thus described as 
marked in the figures : — 

O is the pencil refracted ordinarily by the Jirtt rhombi 

E is the pencil refracted extraordinarily by the Jirst rhomb. 

is the pencil refracted ordinarily by the second rhomb. 

e is the pencil refracted extraordinarily by the second 
rhomb. 
O o is the pencil refracted ordinarily by both rhombs in 

E e is the pencil refracted extraordinarily by both rlumibs 
in Jig. 84. 

O e is the pencil refracted ordinarily by the Jirst, and ea> 
traordinarily by the second rhomb in Jig. 85. 

E is the pencil refiracted extraordinarily by the Jirst, and 
ordinarily by the second rhomb in Jig. 85. 

In both the cases shown in Jigs. 84. and 85., when the 
planes of the principal sections of the two rhpmbs are either 
parallel, as in Jig. 84., or perpendicular to each other, as in 
Jig. 85., the lower rhomb is not capable of dividing into two 
any of the pencils which fall upon it ; but in every other po- 
sition between the parallelism and the perpendicularity of the 
principal sectionsj, each of the pencils formed. by the first 
rhomb wiU be divided into two by the second. 

In order to explain the appearances in all intermediate po- 
sitions, let us suppose that Uie ray R r proceeds fi?om a round 
aperture, like one of the circles at A, Jig. 86., and that the 
eye is placed behind the two rhombs at H K,Jig. 84., so as to see 
the images of this aperture. Let the two images shown at A, Jig. 
86., be the appearance of the aperture at R, seen through one of 
the rhombs by an eye placed behind C T>,Jig. 84, then B,Ji^. 86., 
will represent the images seen through the two rhombs m the 
position in Jig. 84., their distance being doubled, firom suffering 
the same quantity of double refi-action twice. If we now turn 
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the second rhomb, or that nearest the eye, from left to right, 
two faint images will appear, as at C, between the two bright 
ones, which will now be a little &inter. By continuing to 
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tuni, the fonr images will be all equally luminous, as at ; 
they will next appear as at £ ; and when the second rhomb 
has moved round 90°, as in Jig, 86., there will be only two 
images ci equal brightness, as at F. Continuing to turn the 
second rhomb, two faint images will appear, as at G; by a 
farther rotation, they will be all equally bright, as at H; 
fiirther on they will become unequal, as at I ; and at 180^ of 
revolution, when the planes of the principal section are again 
parallel, and the axes A X, A' X' at right angles nearly to 
each other, all the images will coalesce^into one bright image, 
as at K, having double the brightness of either o£ those at A, 
B, or F, and firar times the brightness of any one of the four 
at D and H. 

If we now Mow any one of the images A, B from the po- 
sition in ^g. 84., where the principal sections are inclined 0° 
to one another, to the position in jfig, 85., where it disappears 
at F, we shall find that its brightness diminishes as the square 
of the cosine of the angle formed by the principal sections, 
while the brightness €i any image, from its appearance be- 
tween B and C, Jig, 86., to its greatest brightness at F, in- 
creases as the square of the sine of the same an^le. 

By considering the preceding phenomena it will appear, 
that whenever me plane of polarization of a polarized ray, 
whether ordinary or extraordinary, coincides with or is parallel 
to the principal section, the ray will be refracted ordinarily ; 
and whenever the plane of polarization is perpejtdumlar to 
the principal section, it will Imb refracted extraordinarily. In 
all intermediate positions it will suffer both kinds of refraction, 
and will be doubly refracted ; the ordinary pencil being the 
brightest if the plane of polarization is nearer the position of 
parallelism than that of perpendicularity, and the extraordi^ 
nary pencil the brightest if the plane of pirfarization is nearer 
the position of perpendicularity than that of parallelism. At 
equdi distances from both these positions, the ordinary and ex- 
traordinary images are equally bright 
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(IOOl) It does not appear from the firecediiig ezperimentB 
that the polarizatioo of Uie two pencils is the eftect of any po- 
larizing fiiroe resident in the Iceland spar^ or of any change 
prodn<^ upon the li^t The Iceland spar has merely sepa- 
rated the common light into its two elements, according to a 
di^rent law, in the same manner as a prism separates all 
the seven ocdon of the spectrum fiom the compound white 
beam by its power of refracting these elementary colors in 
dif^ent de^ees. The re-unicn of the two oppositely po- 
larized pencils produces common light, in the same manner as 
the re-union of all the seven colors produces white light. 

The method of producing polarized light by double refrac- 
tion is of all others the best, as we can procure by this means 
from a given pencil of light a strongs polarized beam than in 
any other way. Through a thicknes of three inches of Ice- 
land spar we can obtain two separate beams of polarized light 
one third of an iuch in diameter ; and each of these beuus 
contains half the l^t of the original beam, excepting the 
nnall quantity of li^t lost by re£zion and absorption. By 
sticking a black wafer on the spar opposite either oi thes^ 
beams, we can procure a polarized beam with its plane of po- 
larization either in the principal section or at right angles to 
it In all experiments on this subject, the read^ should re- 
collect that every beam of polarized light, whether it is pro- 
duced by the ordinary or the extraordmary refracticxi, or by 
positive or negative crystals, has always the same properties, 
px>vided the plane of its polarization has the same direction. 
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(101.) In the year 1810, the celebrated French philosopher 
M. Malus, while looking through a prism of calcareous ^r 
at the light of the settmg sun reflected from the windows of 
the Luxembourg palace in Paris, was led to the curious dis- 
covery, that a beam of light reflected from glass at an angle 
of 66°, or from water at an angle of 53°, possessed the very 
Hame properties as one of the rays formed by a rhomb of cal 
careous spar ; that is, that it was wholly polarized, having its 
plane of polarization coincident with or parallel to the plane 
of reflexion. 

* For the formulsB relating to this chapter, see (in the College editioo,) 
Appendix of Am. ed., Chap. VI. 
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This moBt carioas and important ftct, which he found to be 
true when the light was reflected from all other transparent 
or opaque bodies, excepting metals, gave birth to all those dis- 
coveries which have, in our own day, rendered this branch of 
knowledge one of the most interesting, as well as one of the 
most pexfect, oi the physical sciences. 

In order to explain this and the other discoveries of Malus^ 
let C D, ^g. 87., be a tube of brass or wood, having at one end 
of it a ^ate of glassy A, not quicksilvered, and capable of 

FIg.BFT, 




turning round an axis^ so that it may form different angles 
with the axis of the tube. Let D G be a similar tube a little 
smaller than the other, and carrying a similar plate cf glass Bw 
If the tube D G is pushed into C D, we may, by turning the 
one or the other round, place the two glass plates in any po- 
sition in relation to one another. 

Let a beam of light, R r, from a candle or a hole in the 
window-shutter, fall upon the glass plate A, at an angle of 56° 
45' ; and let the glass be so placed that the reflected ray r 8 
may pass along the axis of the two tubes, and hl\ upon the 
second plate S glass B at the point s. If the ray r s flklls 
upon the second plate B at an angle of 56° 45' also, and if the 
plane of reflexion from this plate, or the plane passing through 
8 £ and 8 r, is at right angles to the pkne of reflexion from 
the first plate, or the plane passing through r R, r «, tiie ray r « 
wUl not suffer reflexion from B, or wiU be so faint as to be 
scarcely visible. The very same thing will happen if r « is a 
ray pc^arized by double refraction, and having its plane of po- 
larization in the plane passing through r R, r «. Here then 
we have a new property or test of polarized light, — that it 
will not sufier reflexion from a plate of glass B, when incident 
at an angle of 66° 45', and when the plane of incidence or re- 
flexion is at rig^t angles to the plane of polarization of the 
ray. If we now turn round the tube D G with the plate B, 
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without moving the tube C D, the last reflected ray « E will 
become brighter and brighter till the tube has been turned 
round 90°, when the plane of reflexion from B is coincident 
with or parallel to that from A. In this position the reflected 
ray 5 £ is brightest By ccmtinuing to turn the tube D G, the 
ray s E becomes fainter and fainter, till, after being turned 90° 
farther, tlie ray « £ is faintest, or nearly vanishes, which hap- 
pens when the plane of reflexion from B is perpendicular to 
that from A. After a farther rotation of 90°, the ray « E will 
recover its greatest brightness ; and when, by a still farther 
rotation of fl5°, the tube D G and plate B are brought back into 
their first position, the ray s E will again disappear. These 
efiects may be arranged in a table, as follows : — 



uoo 

At angles between 0(P and 180o 

180O 

At angles between 180O and 270o 

270O 

At angles between 270o and 3600 

360Oor0O 

At angles between oo and 90o . 
90O 



Scarcely visible 

The i mage grows brighter and brighter 

Brightest 

The image grows fainter and fkinter 

Scarcely visible 

The imagegrows brighter and brighter 

Brightest 

The image grows fainter and fainter 

Scarcely visible 



If we now substitute in place of the ray r s one of the po« 
larized rays or beams formed by Iceland spar, so that its plane 
ci polarization is in the plane R r «, it will experience the 
very same changes as the ray R r does when polarized by re- 
flexion from A at an angle of 56° 45'. Hence it is manifest, 
that a ray reflected at 56° 45' from glass has all the properties 
of polarized light as produced by double refraction. 

(102.)' In the preceding observations, the ray R r is sup- 
posed to be reflected only from the first surface of the glass ; 
but Mains found that the light reflected from the second sur- 
&ce of the glass was polarized at the same time with that re- 
flected from the first, although it obviously suffers reflexion at 
a diflferent angle, viz. at an angle equal to the angle of refrac- 
tion at the first surface. 

The angle of 56° 45', at which light is polarized by re- 
flexion from glass, is called its maximum polarizing angle, be- 
cause the greatest quantity of light is polarized at that angle. 
When the light was reflected at angles greater or less tSan 
56° 45', Malus found that a portion of it only was polarized, 
the remaining portion possessing all the properties of common 
light The polurized portion diminished as the angle of inci- 
dence receded on either side from 56° 45', and was nothing at 
0°, or a perpendicular incidence, and also nothing at 90°, or 
the most oblique incidence. 
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In cQntinuiiig his experiments on this subject, Mains found 
that the angle of maximum polarization varied with different 
bodies ; and, after measuring it in various substances, he con- 
cluded that it foUows neither the order of the refractive 
powers nor that of the dispersive powers^ but that it is a prop' 
erty of bodies independent of the other modes of action which 
they exercise upon light. Ailer he had determined the angles 
under which complete polarization takes place in difierent 
bodies, such as ^lass and water, he endeavored to ascertain the 
angle at which it took place at their separating surfaces when 
they were put in contact In this inquiry, however, he did 
not succeed; and he remarks, *Hhat the law according to 
which this last angle depends on the first two remains to be 
determined." 

If a pencil or beam of light reflected at the maximum po- 
larizing angle from glass and other bodies were as completely 
polarized as a pencil polarized by double refraction, then the 
two pencils would have been equally invisible when reflected 
from the second plate, B, at the azimuths UO^ and 270^ ; but 
this is not the case : the pencil polarized by double refraction 
vanishes entirely when it passes through a second rhomb, even 
if it is a beam of the sun's direct light ; whereas the pencil 
polarized by reflexion vanishes only u its light is feint, and if 
the plates A and B have a low dispersive power. When the 
sun's light is used, there is a large quantity of unpolarized 
light, and this unpolarized light is greatly increased when the 
plates A and B have a high dispersive power. This curious 
and most important fact was not observed by Malus. 

A very pleasing and instructive variation of the general ex- 
periment shown in Jig. 87. occurred to me in examining this 
subject I( when the plates of glass A and B have the position 
shown in the figure where the luminous body from which the ray 
s £ proceeds is invisible, we breathe gently upon the plate B, 
the TB.y s £ will be recovered, and uie luminous body from 
which it proceeds will be instantly visible. The cause of this 
is obvious : a thin film of water is deposited upon the glass by 
breathing, and as water polarizes light at an angle of about 
53^ 11', the glass B should have been inclined at an angle of 
53^ 11' to the ray r «, in order to be incapable of reflecting the 
pokrizod ray ;* but as it is inclined 56° 45' to the incident ray 
r 8, it has the power of reflecting a portion of the ray r s. 

If the glass B is now placed at an angle of 5S° IV to the 
ray r s, it will then reflect a portion of the polarized ray r « to 

* We neglect the consideration of tbe separating surface of tbe water 
and glass, and suppose tbe glass B to be opaqne. 

N 
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Stead of cylinders in the preceding experiments, we shall have 
plates with two planes of double refraction ; a positive struc- 
ture being on one side of each plane, and a negative one on 
the other. 

If we use perfect spheres, there will be axes of double re- 
fraction along every diameter, and consequently an infinite 
number of them. 

The crystalline lenses of almost all animals, whether they 
are lenses, spheres, or spheroids, have one or more axes of 
double refraction. 

All these phenomena will be more fully explained when we 
treat of the colors produced by double retraction. 

On Substances with Circular Double Refraction, 

(98.) When we transmit a pencil of light along the axis 
A X, fig. 78., of a crystal of quartz, it suffers no double re- 
fraction; but certain phenomena, which will be afterwards 
described, are seen along this axis, which induced M. Fresnel 
to examine the light which passed along the axis. He found 
that it possessed a new kind of double refraction, and he dis- 
tinctly observed the refraction of the two pencils. This kind 
of double refraction has, from its properties, been called dt' 
cular; and it is divided into two kinds, — -positive or right- 
handed, and negative or left-handed. 

The following substances possess this remarkable prop- 
erty : — 

Positive Substances. 

Rock crystal, certain speci- 
mens. 

Camphor. 

Oil of turpentine. 

Solution of camphor in al- 
cohol. 

Essential oil of laurel. 

Vapor of turpentine. 

In examining this class of phenomena, I found that the 
amethyst possessed in the same crystal both the positive and 
the negative circular double refraction. This subject will be 
more fully treated when we come to that of circular polar- 
izoUion,* 

* For the formulae referring to certain of the articles of this and of the 
■iibsequent chapter, see (in the College edition.) Appendix of Am. ed„ 
Chap. VI. 
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Rock crystal, certam speci- 

mens. 
Concentrated syrup of sugar. 
Essential oil of lemon. 
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CHAP. XVUI. 

ON THE POLAItlZATiON 0¥ LIGHT. 

If we transmit a beam c^ the sun's light through a circular 
aperture into a dark room, and if we reflect it Irom any cry»* 
tallized or uncrystallized body, or transmit it through a thin 
plate of either of them, it will be reflected and transmitted in 
the vexy same manner and with the same intensity, whether 
the sur&ce of the body is held above or below the beam, or on 
the right side or left, or on any other side of it, provided that 
in all these cases it falls upon the sur&ce in the same manner; 
CMT, what amounts to the same thing, the beam of solar light 
has the same properties on all its sides ; and this is true, 
whether it is white light as directly emitted from the sun, or 
whether it is red light, or light of any other color. 

The same property belongs to light emitted from a candle, 
or any burning or self-luminous l»dy, and all such light is 
called common light A section of such a beam of light will 
be a circle, like A C B D, fig, 81., and we shall distinguish 

Fig. 81. 




the tustdaa of a beam of common light by a circle with two 
diameters, A B, C D, at right angles to each other. 

If we now allow the same beam of light to fall upon a 
rhomb of Iceland spar, as in fig, 71., and examine the two 
circular beams O o, E e, formed by double refraction, we shall 
find, 

1. That the beams O o, E e, have diflferent properties on 
different sides ; so that each of them differs, in this respect, 
fiom the beam of common light 

2. That the beam O o diflfers from E e in nothing, excepting 
that the former has the same properties at the sides A' and B' 
that the latter has at the sides C and D', as shown in fig. 81. ; 
or, in general, that the diameters of the beam, at the extremi- 
ties of which the beam hajs similar properties, are at right 
angles to each other, as A' B' and C D', for example. 

M2 
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If we lay a parallel stratum of water upon glasf whose 
index of refraction is 1*606, the ray reflected from the refract- 
ing surfaces will be polarized when the angle of incidence 
upon the first surface of the water is 90^ 

(104.) The preceding observations are all applicable to 
white light, or to the most luminous ra^ of the spectrum ; 
but, as every different color has a different index of refraction, 
the law enables us to determine the an^le of polarization for 
every different color, as in the foUowmg table, where it is 
supposed that the most luminous ray of the spectrum is the 



mean one; — 



iRed rays 
Mean rays 
Violet rays 
Red rays 
Mean rays 
Violet rays 
Red rays 
Mean rays 
Violet rays 



L-33053O 



1-34253 



1 

1-336 

1 

1-51556 

1 

1< 

1-597 

1-642 

1-687 



4^ 
53 11 



L-52556 
1-53556 



19 
34 
45 
55 

57 57 

58 40 

59 21 



Um gratwt ud 



15' 

21' 

10 24' 



The circumstance of the different rays of the spectrum 
being polarized at different angles, enables us to explain the 
existence of unpolarized light at the maximum polarizing 
an^e, or why the ray « E, in fig. 87., never wholly vanishes. 
If we were to use red light, and set the two plates at angles of 
56^ 34', the polarizing angle of glass for red li^ht, then the pen- 
cil s E would vanish entirely. But when the light is tohite^ and 
the angle at which the plates are set is 56^ 45', or that which 
belongs to mean or yellow rays, then it is only the yellow rays 
that will vanish in the pencil « E. A small portion of rerf and 
a small portion of violet will be reflected, because the glasses 
are not set at their polarizing angles; and the mixture of 
these two colors will produce a purple color, which will be 
that of the unpolarized light which remains in the pencil s E. 
If we place the plates at the angle belonging to the red ray, 
then the red only will vanish, and the color of the unpo- 
larized light will be bluish ^een. If we place the plates at 
the angle corresponding with the blue light, then the blue 
only will vanish, and the unpolarized light will be of a reddish 
cast In oil of cassia, diamond, chromate of lead, realgar, • 
specular iron, and other highly dispersive substances, the coIch 
of the unpolarized light is extremely brilliant and beautiful 

Certain doubly re&acting crystals, such as Iceland spar 
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chromate ^ lead^ &c., have different polarizing angles on dif- 
ferent surmces, and in different directions on the same ' 6ur- 
&ce ; but there is always one direction where the polariza- 
tion is not afiected bv the doubly refracting force, or where 
the tangent of the polarizing angle is equal to the index of 
ordinary refraction. 

On the partial Polarization of Light by Reflexion, 

(105.) If, in the apparatus in Jig, 87., we make the ray R r 
ML upon the plate A at an angle greater or lese than 50^ 45', 
' then the ra^r « E will not vanish entirely; but, as a consider- 
nble part of it will vanii^ like polarized light, Malus odled it 
partwUy volarized light, and considered it as composed of a 
portion or light perfectly polarized, and of another portion in 
the state of common light He found the quantity of polar- 
ized li^ht to diminish as the angle of incidence receded firom 
that or maximum polarization. 

M. Biot and M. Arago also maintained that partially polar- 
ized light consisted piully of polarized and partly of common 
light ; and the latter announced that, at regular angular dis- 
tances above and below the maximum polarizing angle, the 
reflected pencil contained the same proportion of polarized 
' light In St Gfobin^s glass he found that the same proportion 
of light was polarized at an angle of incidence of 82^ 48' as 
at 24° 18* ; in water he found that the same proportion was 
polarized at 16° 12' as at 86° 31' ; but he remarks, " that the 
mathematical law which connects the value of the quantity of 
polarized light with the angle of incidence and the refractive 
power of the body has not yet been discovered." 

In the investigation of this subject, I found that though 
there was only one an^le at which li?ht could be completely 
polarized by one reflexion, yet it might be polarized at any 
angle of incidence by a sufficient number of reflexions^ as 
shown in the following Table, 



BSLOW THE 


rOLAKlSIKO ANOLB. 


ABO^E THE POLAKlBlHa AKeLE. j 


»OwOf 


AaBl» ■( vbick the Lifht 


Wo. or 


AagtoMwhirkthiVlkl 


BeaexioM. 


l.pol^^. 


Bcflexioiw. 


tapoUriMd. 


1 


56° 45' 


1 


560 4^ 


2 


50 26 


2 


62 30 


3 


46 30 


3 


65 83 


4 


43 51 


4 


67 33 


5 


41 43 


5 


69 1 


6 


40 


6 


70 9 


7 


38 33 


7 


71 5 


8 


37 20 


8 


71 51 
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In polarizing liglit by Bocceanye reflexions, it is not neces* 
Muy that the reflezicxis be performed at the same angle. 
Some of them may be above and some below the polarizing 
angle, or all the reflexions may be performed at different 
angles. 

From the preceding &cts it follows as a necessary conse- 
quence, that partially polarized light, or Ik^t reflected at an 
aDf le difierent from the polarizing angle, has suffered a ]^yai- 
caichange, which enables it to be more easOy polarized hj a 
subsequent reflexion. The light, for example, which remains 
unpolarized after five reflexicms at 70^, in place of being com- 
mon light, has suffered such a physical change that it is capa- 
ble of being completely polarized by ons reflexion more at 70^. 

Tbvi view of the subject has been rejected by M. Arago, as 
incompatible with experiments and speculations of his own ; 
and, in estimating the value of the two opinions, Mr. Herschel 
has rejected mine as the least probable. It will be seen, how- 
ever, Rom the following fiicts, that it is capable of the most 
rigorous demonstration. 

It does not appear, from the preceding inquiries, how a beam 
of common light is converted into polanzed light by reflexion. 
By a series of experiments made in 1829, 1 l:Ave been able to 
remove this difficulty. It has been lon^ known that a polar- 
ized beam of light has its plane of polarization changed by re- 
flexion fixxn bodies. If its plane is inclined 45° to the plane 
of reflexion, its inclination will be diminished by a reflexion at 
80°, still more by one at 70°, still more by one at 60° ; and at 
the polarizing angle the plane of the polarized ray will be in 
the plane of reflexion, the inclination commencing a^ain ai 
reflexions above the polarizing an^le, and increasing till at 0°, 
or a perpendicular incidence, the inclination is again 45°.'*' 1 
now conceived a beam of common light, constituted as in fig, 
81., to be incident on a reflecting surface, so that the plane of 
reflexion bisected the angle of 90° which the two planes of 
polarization, A B, C D, formed with each other, as shown in 
Jig, 90., No. 1., where M N is the plane oi reflexion, and 
A B, C D the planes of polarization of the beam of v/hite 
light, each inclined 45° to M N. By a reflexion from glass, 
where the index of refraction is 1-525, at 80°, the inclination 
of ABtoMNwillbe33°13', as in Na 2., instead of 45°; 
and in like matiner the inclination of C D to M N will be 33° 
13', in {dace of 45° ; so that the inclination of A B to C D in 

* The rale for finding the inclination is this :~Find the aum of the angles 
of incidence and refraction, and also their difference; divide the cosine of 
the former by the cosine of the latter, and the quotient will be the tangent 
of the inclination required. 
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place of 90«» is 66° 26', as in No. 2. At ao incidence of 65° 
the inclination of A B to C D will be 25° 86', as in Na 3. ; 
and at the polarizing angle of 56° 45' the planes A B, C D of 
the two beams will be parallel or coincident, as in No. 4. At 
incidences below 56° 45' the planes will again open, and their 



Fig. 90. 




inclination will increase till at 0° of incidence it is 00°, as in 
Na 1., naving been 25° 36' at an incidence of about 48° 15', 
as in Na 3., and 66° 26' at ao incidence of about 30°, as in 
No. 2. 

In the process now described, we see the manner in which 
common tight, as in Na 1., is converted into polarized light, 
as in Na 4, by the action of a reflecting surface. Each df 
the two planes of its component polarized beams is turned 
round into a state of parallelism, so as to be a beam with only 
one plane of polarization, as in No. 4. ; a mode of polariza- 
tion essentially different in its nature from that of double re- 
fraction. The numbers in Jig. 90. present us with beams of 
light in different stages of pdarization from common Ught in 
No. 1. to polarized light m Na 4 In No. 2. the beam has 
made a certain approach to polarization, having suffered a 
ph vsical change in the inclination ot its planes ; tuid in Na 3. 
it has made a nearer approach to it Hence we discover the 
whole mystery of partial polarization, and we see that par' 
tiaUy polarized light is tight whose planes of polarization 
are inclined at angles less than 90° and greater than 0°. 
The influence of successive reflexions is therefore obvious. A 
reflexion at 80° will turn the planes, as in fig, 90., Na 2. ; 
another reflexion at 80° will bring them closer ; a third still 
closer ; and so on : and though they never can by this process 
be brought into a state of exact paralleliem, as in Na 4 
(which can only be done at the polarizing angle), yet they can 
be brought infinitely near it, so that the beam will appear as 
completely polarized as if it had been reflected at the polar- 
izing angle. The correctness of my former experiments and 
views is, therefore, demonstrated by the preceding analysis of 
common light. 

It is manifest from these views that partially polarized light 
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does not contain a single ray of completdv polariaed light ; 
and yet if we reflect it from the second plate B, in fig, 87., 
at the polarizing angle, a certain portion of it will disappear 
as if it were polarized light, a result which led to the mistake 
of Mains and others. The light which thos disappears may 
be called apparently polarized light ; and J have explained in 
another place* how we may determine its quantity at any 
angle of incidence, and for any refractive medium. The hi- 
lowing Table contains some of the results for glass, whose in- 
dex <? refraction is 1*525. The quantity of reflected light is 
calculated by a rule given by M. Fresnel. 
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CHAP. XX. 

OM THE FOLABIZJLTION OF LIGHT BV ORDUIABT REVBACXIOll. 

(106.) Althdvoh it might have been presumed that the 

light refracted by bodies sufiered some change, corresponding 

. to that which it receives frcon reflexion, yet it was not un^ 

. 1811 that it was discovered that the refracted portion of the 

.beam contained a portion of polarized lightf 

To explain this property of light, let R r, fig, 01., be a 
beam of light incident at a great angle, between §9° and 90^, 
on a horizontal plate of glass. No. 1. ; a portion of it will be 
reflected at its two surfaces, r and o, and the refracted beam 
a is found to contain a small portion of polarized light 

If this beam a Mis upon a second plate, No. 2., parallel 
to the first, it will sufler two reflexions; and the refracted 
pencil 6 will contain more polarized light than a. In like 
manner, by transmitting it through the plates Nos. 3, 4, 5, and 

*See PhJkl. Transactions, 1830, p. 76., or Edinburgh Journal rf Science, 
New SeriM. No. V., p. 160. 

tThit discovery was made by independent observation by Maltts« Biot, 
and the author of this work. 
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6., the last reacted pencil, fg^ will be found to conast entirely, 
80 far as the eye can judge, of polarized light But, what is 
venr mteresting, the beam fg is not polarized in the plane of 
refraction c»: reflexion, but in a plane at right angles to it; 
that is, its plane of polarizatioii is not represented by A' B* 



J^.9L 



vH. 



fig. 81., as is the ordinary ray In Iceland spar, or as ligkt 
polarized by reflexion, but by C D' like the extraoidinary 
ray in Iceland spar. Prom a great number of experiments, 
I found that the light of a wax candle at the distance <^ 10 
or 12 feet was polarized at the following angles, by the fol- 
lowing number of plates of crown glass. 



H^orrMMor 

CiowaGtaH. 


Ohwrred Aaglct at 
irhirh tb« Pucil 
lapolultcd. 


Ko. oTPlmtaiar 
Crowa Qtaa. 


Ohwrvrd AaglM tt 
which Ui« rvacll 
lapotarlacd. 


8 

12. 
16 
21 
24 


790 ir 
74 

69 4 
63 21 
60 8 


■ 27 
31 
35 
41 
47 


57^10' 
53 28 
50 5 
45 35 
41 41 



It follows firom the above experiments, that if we divide the 
number 41-84 by any number ot crown glass plates, we shall 
ha,ve the tangent of the angle at which the beam is polarized 
by that number. 

Hence it is obvious that the power of polarizing the re- 
firacted light increases with the an^Ie of incidence, being no- 
thing or a minimum at a perpendicular incidence, or 0°, and 
the ^eatest possible or a maximum at 90^ of incidence. I 
found, likewise, by various experiments, that the power of po- 
larizing the light at any given angle increased with the re- 
fractive power of the body, and consequently that a smaller 
number of plates of a highly refracting body was necessary 
than of a refracting body of low power, the angle of incidence 
being the same. 

As Malus, Biot, and Arago considered the beams a, ft, &a, 
-before they were completely polarized, as partially polarized^ 



154 



A TRSATI8E OK OPTICS. 



PAJtT II. 



and as consistiiig of a pcrtkm of polarized and aportian of 
anpolarized light ; so, on the other hand, I concluded fircxn the 
following reasoning that the unpolarixed light had siifiered a 
physical change, which made it approach to the state of com- 
plete polarization. For since sixteen plates are required to 
polarize completely a beam of light incident at an angle of 
69°f it is clear tiiat eight plates will not polarize the whole 
beam at the same angle, but will leave a portion unpolarized. 
NoWf if this portion were absolutely unpolarized like common 
light, it would require to pass through other sixteen plates, at 
an angle of 69°, in order to be completely polarized ; but the 
truth is, that it requires to pass through only eight plates to 
be completely polanzed. Hence I conclude that Sie beam has 
been nearly half polarized by the first eight plates, and the 
polarization completed fay the other ei£^t This conclusion, 
though rejected by both the French and English philosophers, 
is capable of rigid demonstration, as will appear firom the fill- 
lowing observationa 

In order to determine the change which refraction produced 
in tiie plane of polarization of a polarized ray, I used prisms 
and plates of glass, plates of water, and a plate of a highly r^ 
fractive metalline glass ; and I found that a refincting suiftce 
produced the greatest change at the most oblique inc2enoe,or 
that of 90° ; and that the change gradually diminished to a 
perpendicular incidence, or 0°, where it was nothing. I found 
also that the greatest efiect' produced by a single plate of glass 
was about 16° 39', at an angle of 86° ; that it was 3° 64' at an 
angle of 55°, 1° 12' at an angle of 35°, and 0° at an angle 
' of 0°.* 

A beam of common light, therefore, constituted as in Jig. 
92., No. 1., with each of its planes A B, C D inclined 45° to 



jr^.92. 



No. 4. 




the plane of refraction, will have these planes opened 16° 39' 

*The rule for finding tbe inclination after a single refraction is as fol- 
lows: — Find the difference between the an^sles of incidence and refraction, 
and take the cosine of this difference. This number will be the cotangent 
of the inclination required ; and twice this inclination will be the inclina- 
Uoa of A B to C U. 
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eafih, by one pkte of ghua at an incidence of 86^; that i% 
their inclination, in place of 9(F, will be 123^ Id', as in Ka 
2, By the action of two or three plates more tbey will be 
opened wider, as in Na 3. ; and by 7 or 8 plates tb^ will be 
opened to near 180^, or so that A B, C D nearly coincide, as 
in Na 4., so as to form a single pdarized beam, whose plane 
of polarization is perpendicnlar to the plane of refiractioii. I 
have shown, in another place,* that these planes can never be 
brought into mathematical coincidence by any number of !«• 
fractions; bat they approach so near to it that the pencil is, to 
all appearance, completely polarized witii lights of ordinary 
strength. All the light polarized by refraction is only par- 
tially jkolarized, and it has the same properties as that ^sixh 
is partially polarized by reflexion. A certain portion of the 
light of a beam thus partially polarized, will disappear when 
rdlected at the polarizing angle from the phte % fig. 87. ; 
and this quantity, which I have elsewhere shown how to cal- 
culate, is given in the following table for a single naface of 
glass, whose index of refraction is 1*525. 
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Although the quantity of light polarized by refraction, as 
given in the last column of this Table, is calculated 1^ a 
Surmula essentially diflerent from that by which the quantity 
of light polarized by reflexion was calculated ; yet it is cu- 
rious to see that the two quantities are precisely equal Hence 
we obtain the $)llowing law : — 

When a ray of common light iM reflected and refracted bp 
any surface^ the quantity of light polarized by refraction u 
exactly equal to that polarized by reflexion. 

This law is not at all applicable to plates, as it appeared to 
be from the experiments of BL Araga 

When the preceding method of analysis is applied to the 
lifibt reflected by the second surfaces of plates, we obtain the 
following curious law : — 

* See PkU. TrmuauHent, 1830, p. 137., or EMnhurfk Jnrnal tf Seineg, 
N«w Serin, No. VI., p. 318. 
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A pentH of light rHUeied from the oeamd omfaeet of 
transparent piatesj and reaching the eye after two refroD- 
turns and an intermediate refiexUm, eontame at aU anglee of 
ineidenee, from QPtothe maximam polarizing angle^ a por- 
tion of Ugkt polarized in the plane ofrefUxiou. Abooe the 
polarizing angle, the part of the peneU polarized in the 
fiane of reftunon dinnni$he»j titt the incidence beeomtee 78^ 
T tn giaee, when it diaappearSy and the whole pencil has the 
dkaracter of common lighL Abone thie laet angle the pencil 
eontaine a quantity of light polarized perpendicularly to the 
plane of reflexion, wkidi increases to a maximum, and then 
diminishes to nothing at W^.* 

(107.) As a bundle of glass plates acts upon light, and po- 
lanzes it as effectoall j as reflencn from the snr&ce at gim 
at the polarizing angle, we may sabstitate a bundle at glass 
plates in the apparatus, fg. 87., in i^ace cf the plates of glass 
A, R Thus, if A (Jg. 93.) is a bundle of glass plates which 




poiarizes the tiansmitted lay s f, then, if the seoond bundle B 
B placed as in the figuTe, with the planes of zefractioa of its 
plates parallel to the planes of lefiaction of the pktes of A, 
the lay s f will penetrate the second bundle ; and if s t is in- 
cident on B at the polarizing angle, not a ray of it will be re- 
flected l^ the plates of R' If B is now turned round its azis^ 
the transmitted light v w will gradually diminidi, and more 
and more light wul be reflected by the plates of the bundle, 
till, after a rotation of 90°, the ray v id will disappear, and all 
the light will be reflected. By conUnuing to torn round B, 
the ray v w will re-appear, and reach its maximum brightness 
at 18(P, its minimum at 270°, and its maximnm at C^, after 
having made one complete revolution. 

By this apparatus we may perform the very same experi- 
ments with refracted polarized light that we did with reflected 
polarized light in the apparatus ^fg^ 87. 

We have now described two methods of converting com- 
mon light into pdarized light : 1st, By separating by double 
refiaction the two qppositelv polarized beams which constitute 
common light ; and, 2dly, By turning round, by the action of 

* See PkiL Trans. 1830. jk J45. ; or fdmtafyA Jmmul iff SdemcB, No. YI.. 
p. 934. New Series. 
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the reflecting and refractiag forces, the planes of both these 
heams till they coincide, and thus form light polarized in one 
][dane. Another method still remains tD l» noticed ; namely, 
to disperse or absorb one of the oppositely polarized b^ims 
which constitute common light, and leave the other beam po- 
larized in one plane. These effects may be produced l^ agate 
and tourmaline, &c. 

(106.) If we transmit a beam of common light throu£^h a 
plate of agate, one of the oppositely polarized beams will be 
converted into a nebulous light in one position, and the other 
polarized beam in another position, so that one of the polar- 
ized beams with a single plane of polarization is left The 
same effect may be produced by Iceland spar, arragonite, and 
artificial salts prepared in a particular manner, to produce a 
dispersion of one of the oppositely polarized beams.* 

When we transmit common light through a thin plate of 
tourmaline, one of the oppositely polarized beams which con- 
stitute common light is entirely absorbed in one position, and 
the other in another position, one of them always remaining 
with a single plane of polarization. 

Hence, plates of agate and tourmaline are at great use, 
either in afbpding a beam of light nohuized in one plane, or 
in dispersing and absorbing one of the pencils of a compound 
beam, when we wish to amdyze it, or to examine the color or 
properties of one oi the pencils seen separately. 



CHAP. XXI. 

OH THK COLORS OF CRTSTALLIZISD FLATS8 IN 
POLARIZED LIOHT. 

(109.) Thb splendid colors, and systems of colored rings, 
produced by transmittinig^ polarized light through transparent 
bodies that possess double re&action, are undoubtedly the most' 
brilliant phenomena that can be exhibited. The colors pro- 
duced by these bodies were first discovered by independent 
observation, by M. Arago and the author of this volume ; and 
they have been studi^ with great success by M. Blot and 
other authors. 

In order to exhibit these phenomena, let a polarizing ap- 
paratus be prepared, similar in its nature to that in Jig. 87. ; 
tut without the tubes, as shown in Jig. 94., where A is a plate 

*Se« Edinburgh Eneyehpadia, vol. ny. pp. 600, 601.; Phil. Trans. 1819, 
P< 146. 

O 
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of gUuB which polarizes the ray R r, incideat upon it at a& 
angle of 56^ 45', and reflects it polarized in the direction r^, 
where it is received by a second plate of glass, B, whose plane 
of reflexion is at right angles to that of the plate A, and 
which reflects it to the eye at O, at an angle of 56^ 45'. In 



1^.94. 



.^Hh 
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order that the polarized pencil r 9 may be sufficiently brilliant, 
ten or twelve plates of window glass, or, what is better 
still, of thin and well-annealed flint glass, should be substi- 
tuted in plajce of the single [date A. The plate or plates at 
A are called the polarizing flates^ because their only use is 
to furnish us with a broad and bright beam of polarized light 
The plate B is called the analyzing pUUe^ because its use is 
to analyze, or separate into its parts, the light transmitted 
through any body that may be placed between the eye and the 
polarizing plate. 

If the beam of light R r proceeds from the sky, which will 
answer well enough for common purposes, then an eye placed 
at O will see, in the direction O «, the part of the sky from 
which the beam R r proceeds. But as r « will be polarized 
light if it is reflected at 56^ 45' from A> almost none of it will 
be reflected to the eye at O from the plate B ; that is, the eye 
at O will see, upon the part of the sky from which R r pro- 
ceeds, a black spot ; and when it does not see this black spot, 
it is a proof that the plates A and B are not placed at the 
^ proper inclinations to each other. When a position is found, 
* either by moving A or B, or both, at which the black spot is 
darkest, the apparatus is properly adjusted. 

(110.) Havmg procured a thin film of sulphate of lime or 
nma^ lletween the 20th and the 60th of an inch thick, and 
which may be split by a fine knife or lancet from a mass of 
any of these minerals in a transparent state, expose it, as 
shown at C E D F, so that the polarized beam r s may pass 
through it perpendicularly. If we now apply the eye at O, 
and look towards the black spot in the direction O s, we shall 
see the surfece of the plate of sulphate of lime entirely cov- 
ered with the most brilliant colors. If its thickness is per- 



CHAP. XXI. COI1OB8 OF CBYSTALLXZSD PLAT£S. 159 

fectSy ani&rm tiiroughout, its tint will be perfectly uniform ; 
but if it has difierent thicknesses, every different thickness 
will display a difierent color— some red, some green, some 
blue, and some yellow, and all of the most brilliant descrip- 
tion. If we turn the film C £ D F round, keeping it perpen- 
dicular to the polarized beam, the colors will become less or 
more bn^ht without changing their nature, and two lines, 
C D, £ F at n^t angles will be found, so that when either of 
them is in the plane of reflexion r « O, no colors whatever are 
perceived, and the black spot will be seen as if liie sulphate 
of lime had not been interposed, or as if a piece of common 
glass had been substituted for it It will also be observed, by, 
continuing the rotation of the sulphate of lime, that the colors 
again be^in to appear; and reach their greatest brightness 
when either of the lines G H, L K, which are inclined 45^ to 
C D, £ F, are in the plane of reflexion rsO, The plane R r «, 
or the plane in which the light is polarized, is called the plane 
of prinUttDe polarization ; the lines CD, EF, the neutral 
a^ses ; and G H, K L, the depolarizing axes^ because they de- 
polarize, or change the polarization of the polarized beam r «. 
The brilliancy or intensity of the colors increases gradually, 
from the position of no color, to that in which it is the roost 
brilliant 

Let us now suppose the plate C £ D F to be fixed in the po- 
sition where it gives the brightest color ; namely, when G H 
is perpendicular to the plane of primitive polarization R r «, 
or parallel to the plane r « O, and let the color be red. Let 
the analyzmg plate B be made to revolve round the ray r s, 
beginning its motion at 0°, and preserving always the same 
inclination to the ray r «, viz. 56° 45'. The brightest red 
being now visible at OP, when the plate B begins to move firom 
its position shown in the figure, its brightness will gradually 
diminish till B has turned round 45°, when the red color will 
wholly disappear, and the black spot in the sky be seen. Be- 
yond 45° a faint green will make its appearance, and will be- 
come brighter and brighter till it attains its greatest bright- 
ness at 90°. Beyond 90° the gre^ becomes paler and paler 
till it disappears at 135°. Here the red again appears, and 
reaches its maximum brightness at 160°. The very same 
changes are repeated while the plate B passes from 180° 
round to its first position at 360° or 0°. Frdkn this experi- 
ment it appears, that when the film C E D F alone revolves, 
only one color is seen ; and when the plate B only revolves, 
two colors are seen during each half of its revolution. "^ 

If we repeat the preceding experiment with films of difie^- 
ent thicknesses, that give dififerent colors, we shall find that the 
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two colors are always complementary to each other, or to- 
gether make white light 

(111.) In order to understand the cause of these beautiful 
phencHnena, let the eye be placed between the film and the 
plate B, and it will be seen that the li^ht transmitted through 
the film is white, whatever be the position of the film. The 
separation of the colors is therefore produced, or the white 
light is analyzed, by reflexion fix>m the plate R Now, sul- 
pbite of lime is a doubly refiracting crystal ; and one f£ its 
neutral axes, C D, is the section of a plane passing through its 
axis, while E F is the section of a plane perpendicular to the 
principal section. Let us now suppose either of these planes, for 
example E F, to be placed, as in the figure, in the plane of po- 
larization Rrs of the polarized light ; then this ray will not be 
doubled, but will pass into the ordinary ray of the crystallized 
film ; and fiiUing upon B, it will not sufier reflexion, in like 
manner, if C D is brought into the*plane Krs, it will pass 
entirely into the ordinary ray, which, ^ling upon B, will not 
sufier reflexion. In these two positions of uie film, dierefore, 
it forms onlv a single image or beam ; and as the plane of po- 
larization of this image or beam is at right angles to the |dane 
of reflexion from B, none of it is reflected to the eye at O. 
But in every other position of the doubly refracting film 
€ E D F, it forms two images of difTerent intensities, as may 
be^nferred from fig. 86. ; lUid when either of the depolarizing 
axes G H or K L is in the plane of primitive pdaiization, the 
two images are of equal brightness, and are polarized in op* 
posite planes ; one in the plane of primitive polarization, and 
the other at right angl^ to it Now, one of these images is 
red, and the other green, for reasons which will be afterwards 
explained ; and as me green is polarized in the plane of primi* 
tive polarization R r «, it does not sufier reflexion from the 
plate B ; while the red, being polarized at right angles to that 
plane, is reflected to the eye at O, and is therefore alone seen. 
For a similar reason, when B is turned round 90°, the red will 
not sufiTer reflexion firom it ; while the green will sufifer re* 
flexion, and be transmitted to the eye at O. In this case the 
plate B analyzes the compound beam of white light trans- 
mitted through the film of sulphate of lime, by reflecting the 
half of it which is polarized in the plane of its reflexion, and 
refusing to reflect the other half, which is polarized in an op- 
posite plane. If the two 'beams had been each white light, as 
^ they are in thick plates of sulphate of lime, in jrface of seeing 
^ two different colors during the revolution of the plate B, tiie 
reflected pencil s O would have undergone different variations 
of brightness, according as ^e two oppositely polarized beams 
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(^ white li|^t were more or less reflected by it ; the positions 
of greatest brightness being those where tne red and green 
colors were the brightest, and the darkest points being those 
where no color was visible. 

(112.) The analysis of the white beam composed of two 
beams of red and green light, has obviously been e&cted by 
the power of the plate to reflect the one and to transmit or 
refract the other ; but the same beam may be analyzed by vfr> 
rious other methods. If we make it pass through a rhomb of 
calcareous spar sufficiently thick to separate by double refrac- 
tion the red from the green beam, we shall at the same time 
see both the colored beams, which we could not do in the fir- 
mer case ; the one forming the ordinary, and the other the ex- 
traordinary image. Let us now remove the plate B, and sub- 
stitute for it a rhomb of calcareous spar, with its principal sec- 
tion in the plane of reflexion r s O, or perpendicular to the 
plane of primitive polarization R r «, and let the rhomb have 
a round aperture in the side farthest from the eye, and of such 
a size that the two images of the aperture, formed by double 
refraction, may just touch one another. Remove the film 
C E D P, and the eye placed behind the rhomb will see only 
the extraordinary image of the aperture, the ordinary one 
having vanished. Replace the film, with its neutral axes as in 
the figure, parallel and perpendicular to the plane R r #, and 
no e&ct will be produced ; but if either of the de^larizing 
axes are brought into the plane R r s, the ordinary image of 
ti^e aperture will be a brilliant red, and the extraordinary 
ima^e a brilliant green ; the double r^raction of the rhomb 
having separated these two difierently colored and oppositefv 
polarized beams. By turning round the film, the colors will 
vary in brightness ; but the same image will always have the 
same color. If we now keep the film fixed in the position 
that gives the finest colors, and move the rhomb of calcareous 
opar round, so that its principal section shall make a complete 
revolution, we shall find that, after revolving 45° from its first 
position, fcoth images become white. Afler revolving 90°, the 
ordinary image t^t was formerly red is now green, and the 
extraordinaiv image tb^ was formerly green is now red. The 
two images become again white at 135°, 225°, and 315° ; and 
at 180°, the ordinary image is again red, and the extraordi- 
nary one green; and at 270°, the ordinary image is green, 
ana the other red. 

If we use a large circular aperture on the face of the 
rhomb, the ordinary and extraordinary imagfes O, E will over- 
lap each other, as in fig. 95. ; the overlapping parts at F G 
being pure white light, and the parts at C and D having the 
02 
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colors above described. This experiment afl&rds ocnlBr de- 
monstration that the two colors at C and D are comple- 
mentary, and form white light 

The analysis of the compound beam transmitted by the sul- 
phate of lime may also be effected by a plate of agaUy or by 

O E 




any of the crystals, artificially prepared fer the purpose of 
dispersing one of the component l^sams. The a^te being 
placed between the eye and the film C £ D F, it will disperse 
mto nebulous light the red beam, and enable the green one to 
reach the eye ; while in another position it will scatter the 
green beam, and allow the red light to reach the eye* Witih 
a proper piece of agate this experiment is both bcsBLutifiil and 
instructive ; as the nebulous light, scattered round liie bright 
image, will be green when the distinct image is red, and red 
when the distinct image is green* 

The analysis may also be eflfected by the absorption of toW' 
tnaline and other sunilar substances. In one position the tour- 
maline absorbs the green beam, and allows the red to pass ; 
while in another position it absorbs the red, and sufiTers the 
freen to pass. The yellow color of the tourmaline, however, 
IS a disadvantage. 

The analysis may also be performed by a bundle of glass 
plates, such as A or B, Jig, 93. In one position such a bundle 
will transmit all the red, and reflect all the green ; while in 
another position it will transmit all the green, and reflect *^ 
the red, in the opposite manner, but according to ^^ same 
rules as the analyzing plate B, fig, 94. 

(113.) In all these experiments the tkfckness of the sul- 
phate of lime has been supposed soch as to give a red and a 
green tmt ; but if we take a film 0O0046 of an English inch 
thick, and place it at C E D F in fig. 94., it will produce no 
colors at all, and the black spot in the sky will be seen, what- 
ever be the position of the film. A film 0O0124 thick will 
give the white of the first order in Newton's scale of colors, 
given in p. 93 ; and a plate 0-01818 of an inch thick, and 
all plates of greater thickness, will give a white composed 
of a^ the colors. Films or plates of intermediate thicknesses 



between 0-00124 and 0O1818 will five ell tbe intermediste 
colors in Newton's Table between the white of the first orter 
and the white arising from the mixture of all the colors. That 
is, the colors teHected to the eye at O wDl be those in column 
2d, while the colors obeeryed by turning round the plate B 
will be those in column 8d ; the one set of colors correspond-^ 
ing to the reflected tints, azid the other to the transmitted tints 
of thin plates. In order to determine the thickness of a film 
of sulphate of lime which gives any particular color in the 
Table, we must have recourse to the numbers in the last col- 
umn for glasB, which has nearly the same refractive power as 
sulphate of lime. Suppose it is required to have the tntcknefls 
which corresponds to the red of the first spectrum or order of 
colors. The number in the column for glasS} opposite red, Is 
51 ; then, since the white of the first order is produced by a 
fihn 0-00124 of an inch thick, the number corresponding to 
which is 3J in the column for glass, we say, as 8} is to 5|, so 
is 0*00124 to 0-00211, the thickness which will give the red 
of the first order. In the same manner, by having the thick- 
ness of any film of this substance, we can determine the color 
which it will produce. 

Since the colors vary with the thickness of the plate, it is 
manifest, that if we could form a wedge of sulphate of lime, 
with its thickness varying from 0*00124 to 0-01818 of an inch, 
we should observe at once all the colors in Newton's Table m 
parallel stripes. An experiment of the same kind may be 
made in the following manner : — ^Take a plate of sulphate of 
lime, MN, ^, 96., whose thickness exceeds 0*01818 of an 

Fig. 96. 




inch. Cement it with isinglass on a plate of glajss; and 
placing it upon a fine lathe, turn out of it with a very sharp 
tool a concave or hollow sur&cc between A and B, turning it 
so thin at the centre that it either begins to break or is on the 
eve of breaking. If the plate M N is now placed in water, 
the vwiter will after some time dissolve a small portion of its 
substance, and polish the turned surface to a certain degree. 
If the plate is now heU at C E D F,^. 04., we shall see all 
the colors in Newtwi's Table in the 4«« nf concentric rings, 
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w ibowii in the figure. If the thickness diminjahes Fq>idly 
the rin|[8 will be cloeely packed together, but if the turned 
nirfikce is lar^e, and the thicknesB diminishes slowly, the col- 
ored bands will be broad. In place of turning out the con- 
cavity, it might be done better by grindin^g it out, by applying 
a ooovez surfiice of great radius, and using the finest emeiy. 
When the plate M N is thus prepared, we may give the moat 
perfect polish to the turned surmce by cementing upon it a 
plate of glass with Canada balsam. The balsam will dry, and 
the plate may be preserved for any length of time. 

By the method now described, the most beautiful patterns, 
such as are produced in bank-notes, &C., may be turned upon 
a plate of sulphate df lime 0*01818 of an inch thick, cemented 
to glass. All the grooves or lines that compose the pattern 
may be turned to different depths, so as to leave different 
thicknesses of the mineral, and the grooves of different depths 
will all appear as different colors, when the pattern is held in ^ 
the apparatus in Ji^. 94. Colored drawings of figures and | 

landscapes may in like manner be executed, by scraping away i 

the mineral to the thickness that will give the required colors ; i 

or the efiect may be produced by an etching ground, and 
using water and other fluid solvents of sulp^te of lime to 
reduce the mineral to the required thicknessea A ci^er 
may thus be executed upon the mineral ; and if we cover 
the surface upon which it is ecratched, or cut, or dissolved, 
with a balsam or fluid of exactly the same refiractive power as 
the sulphate, it will be absolutely illegible by common light, 
and may be distinctly read, in polarized light, when placed at 
C E D F in ^g-. 94. 

As the colors produced in the preceding experiments vary 
with the different thicknesses of the body which produces 
them, it is obvious that two films put toge&er, as they lie in 
the crystal with similar lines coincident or parallel, will pro- « 
doce a color corresponding to the sum of their thicknesses, 
and not the color which arises from the mixture of the two 
colors which they produce separately. Thus, if we take two 
films of sulphate of lime, one of which gives the orange of 
the first order, whose number in the last column in Newton's 
Table, p. 93., is 5}, while the other gives the red of the 2d 
order, whose number Is 11| ; then by adding these numbers, we 
get 17, which corresponds in the Table to greenish yellow of the 
3d order. But if the two plates are crossed, so that similar lines 
in the one are at right angles to similar lines in the other, 
then the tint or color which they produce will be that which 
belongs to the difference of their tkjcknesses. Thus, in the 
present^^jjhe jliffBr<»»«c of the above numbers is 6^, wluch 
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corresponds in the Table to a reddish vioiet of the second 
order. If the plates which are thos crossed are equally thick, 
and produce the same colors, they will destroy each other^s 
ef^ts, and blackness will be produced ; the difference of the 
numbers in the Table being 0. Upon this principle, we may 
prodiice colors by crossing plates of such a thickness as to 
give no colors separately, provided the difierence of their 
thickness does not exceed 0*01818 ; fi)r if the difierence of 
their Uiickness is greater than this, the tint will be white, and 
beyond the limits of the Table. 

If the polarized light employed in the preceding experi- 
ments is homogeneous, then the colors reflected from the plate 
B will always be those of the homogeneous light employed. 
hi red light, for example, the colors or rather shades which 
Succeed each other, with different thicknesses of the mineral, 
"Will be red at one thickness, black at another, red at another, 
and Mack at another, and so on with all the different colors. 

If we i^ace the specimen shown in^. 06. in violet light, the 
fings A Bwill be less than in red li^t; and in intermediate 
colors they will be of intermediate magnitudes, exactly as in 
the rings of thin plates formerly descrlM. When white light 
is used, all the different sets of rings are combined in the very 
same manner as we have already explained, in thin plates of 
ftir, and will form by their combinations the yarioos colored 
rings In Newton^s TUbla 
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(114.) Ir all the preceding experiments the film C E D F 
must be held at such a distance from the eye, or from the plate 
B, that its surface may be distinctly seen, and in the apparatus 
used by different philosophers this distance was considerable 
In the year 1813 I adopted another method, namely, that of 
bringing the film or crystal to be examined as dose to the eye 
as possible, a very small plate, B, not above one fourth of an 
inch, being interposed, as in^^. 94., between the crystal and 
the ejre, to reflect the light transmitted through the crystal. 
By this means I discovered the systems of rings formed along 
the axes of crystals with one and two axes, which form the 
most splendid phenomena in optical science, and which by 
tlieir analysis have led philosophers to the most important di&> 
coveries. 
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I discovered them in ruby, emerald, topaz, ice, nitre, and a 
great variety of other bodies, and Dr. WoUaston afterwards 
observed them in Iceland spar. 

In order to observe the system of rings round a single axis 
of double refraction, grind down the summits or obtuse angles 
A X of a rhomb of Iceland sipai,Jig, 72., and re^dace them by 
plane and polished surfaces perpendicular to the axis of double 
refracti(Hi A X. But as this is not an easy operation without 
the aid of a lapidary, I have adopted the following method, 
which enables us to transmit light along the axis A A without 
injuring the rhomb. Let C D E F,^g-. 97., be &e principal 
^ section of the rhomb; cement upon 

^'^' its surfaces C D, FE, with Canada 

^ -ET JL/ balsam, two prisms, D L K, F G H, 

^^K^m^m ^^^ ^^ ^^^^^ L D E, G F H 

^ ^^^^^^^^^ each equal to arout 45° ; and by let- 

^^^^^^^^^^^^yr ting fall a ray of light perpendicu- 

^^^^^^^^^ larfy upon the face D L, it will pass 

JiA j yi^g^^^^ B along the axis A X, and emerge J>er- 

^^ pendicularly through the face F G. 

Let the rhomb thus prepared be held 

in the polarized beam r s,Jig. 94., so that r s may pass along 

the axis A X, and let it be held as near the plate B as possible. 

When the eye is held very near to B, and looks along O « as 

it were through the reflected image of the rhomb C E, it will 

perceive along its axis A X a splendid system of colored rings 

resembling that shown in^^. 98., intersected by a rectangular 



#^.96. 




black cross, A B C D, the arms of which meet at the centre 
of the rin^s. The colors in these rings are exactly the same 
as those m Newton's Table of colors, and consequently the 
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same as the system of rings seen by reflexion from the plate 
of air between the object glasses. If we turn the rhomb 
romid its axis, the rings will suffer no change ; but if we fix 
the rhomb, or hold it steadily, and turn round the plate B, 
then, in the azimuths 0°, 90^ 180«>, and 270° of its revolution, 
we shall see the same system of rings; but at the intermediate 
azimuths of 45°, 135°, 225°, and 315°, we shall see another 
system, like that in j^. 99., in which all the colors are com- 
plementary to those in^^. 98., bemg the same as those seen 

fig. 99, 




in the rings formed by transmission through the plate of air. 
The superposition of these two systems of rings would repnv 
duce white light 

If, in place of the glass plate B, we substitute a prism of 
calcareous spar, that separates its two images ^atly, or a 
ifaomb of great thickness, we shall see in the ordmary image 
the first system of rings, and in the extraordinary image the 
second system of complementary rings, when the principal 
section of the prism oac rhomb is in the plane r « O as formerly 
described. 

As the light which forms the first system of rings is polarized 
in an opposite fdane to that which forms the second system, 
we may disperse the one system by a^atCt or absorb it by 
towmuUine, and thus render the other visible, the first or the 
second system being dispersed or absorbed according to the 
position ^4he agate or the tourmaline. 

If we split the rhomb of calcareous spar, jl^^. 97., into two 
plates by the fissure M N, and examine the rings produced by 
^ch plate separately, we shall find that the rings produced by 
each plate are larger in diameter than those produced by the 
whole rhomb, and that the rings increase in size as the thick- 
ness of the plate dimini^es. It will also be found that the 
circular area contauied withm any one ring is to the circular 
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mnea of any other rin^, as the number in Newton's Table cor- 
responding to the tint of the aoe ring is to the number corre- 
aponding to the tint of the other. 

If we use homogeneous light, we shall find that the rings 
are smallest in violef li^ht and largest in red light, and of in- 
termediate sizes in the mtermediate colors, consisting always 
of rings of the oc^ot of the light employed, separated by black 
ringa In white light all the ring* formed l^ the seven di^ 
ferent colors are combined, and constitute the colored system 
above described, according tx) the principles which were fully 
explained in Chapter XIL 

(115.) All the other crystals which have one axis of double 
refraction, give a similar system of rings along their axis of 
double refraction ; but those produced by the positive crystals, 
such as zircon, ice. Sic., though to the eye they differ in no 
respect from those of the negatioe crystals, yet possess dif* 
ferent properties. If we take a system of nngs formed by 
ice or zircon, and combine it with a system of rings of the 
very same diameter formed by Iceland spar, we shall find 
that the two systems destroy one another, the one being nega- 
tive and the other positive ; an efi^ct which might have been 
expected from the opposite kinds of double refraction possessed 
by these two crystals. 

If we combine two plates of negative crystals, such as ice- 
land spar and beryl, the i^stem ch rings which they produce 
will be such as would be formed by two plates of Jce^BuuJ spar^ 
one cf which is the plate employed, and the other a ^te 
which gives rings of the same size as the plate of beryL But 
if we combine a piate of a negative crystal with a plate of a 
positive crystal, such as one of lodand spar with one of jctr- 
eon or ice, the resulting system of rings, in place of arising 
from the sum of their separate actions, will arise from their 
difference ; that is, it will be equal to the system produced by 
a plate of Iceland spar whose thickness is equal to the differ- 
ence of the thicknesses of the plate d Iceland spar employed, 
and another plate of Iceland spar that would ^ve rings of the 
same size as those produced by the zircon or ice. 

These experiments of combining rings are not easily made, 
unless we employ crystals which have external fiices perpen- 
dicular to the axis of double refiraction, sudi as the variety of 
Iceland spar called spatk calcaire basic, some of the micas 
with one axis, and well crystallized plates of ice, &c. When 
two such plates cannot be obtained, I have adjusted the axes 
of the two plates so as to cdncide, by placing between them, 
at their edges, two or three small pieces of soft wax, by press- 
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ing which in difierent directions, we may paroduce a sufficiently 
accurate coincidence of the eystems of rings to establish tbo 
preceding conclusions 

If, when two systems of rings are* thus combined, either 
both negative or both positive, or the one negative and die 
other positive, we interpose between the plates which produce 
them crystallized films of sulphate qf lime or micOf we shall 
produce the most beautiful changes in the form and character 
of the rinffs. This experiment I found to be particularly 
splendid when the film was placed between two plates of the 
spcUh calcaire basee of the same thickness, and taJken from the 
same crystal. Bjjr fixing them permanently with their faces 
parallel, and leaving a sufficient interval between them for 
the introduction of films of crystals, I had an apparatus by 
which the most splendid phenomena were produced. The 
rings were no longer symmetrical round their axis, but exhib- 
ited the most beautifiil variety of forms during the rotation of 
the combine! plates, all of which are easily dSucible fiom tlie 
general laws of double refraction and polarization. 

The table of crystals that have negative double refraction 
shows the bodies that have a ne^tive system of rings ; and 
the table of positive crystals indicates those that have a posi- 
tive system of rings. 

(116.) The fSlowing is the method which I have used for 
distinguishing whether any system of rings is positive or 
negative. Take a film of sulphate of lime, such as that shown 
at C £ D F, fig. 94., and mark upon its surface the lines or 
neutral axes VD, E F as nearly as may be. Fix this film by 
a little wax on the surfece, L 6 or F (J, fig. 97., of the rhomb 
which produces the negative system of rings. If the film 
produces alone the red of the second order, it will now, when 
combined with the rhomb, obliterate part of the red ring of 
the second order, either in the two quadrants A C, B D, fig, 
98., or in the other two, A D, C B. Let it obliterate the red 
in A C, B D ; then if the line C B^fig. 94, of the film crosses 
these two quadrants at right angles to the rings, it will be the 
principal axis of the sulphate of lime ; but if it crosses the 
other two quadrants, then the line £ F, which crosses the 
<juadrants A C, B D, will be the principal axis of sulphate of 
Imie, and it should be marked as such. We shall suppose, 
however, that C D has been proved to be the principal axis. 
Then, if we wish to examine whether any other system of 
rings is positive or negative, we have only to cross the rings 
wi3i the axis C D, by interposing the film : and if it obliter- 
ates the red ring of the second order in the quadrant which it 
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crojsscs, the system will be negative ; but if it obliterates the 
same ring in tiie other two quadrants which it does not cross, 
iln'W tlie syttem will be ^positive. It is of no consequence 
wliat color the film polarizes, as it will always obliterate the 
tint of the same nature in the system of rings under exam- 
ination. 

(117.) In order to explain the formation of the systems of 
rings seen along the axes of crystals, we must consider the 
two causes on which they depend ; namely, the thickness of 
the crystal through which the polarized light passes, and the 
inclination of the polarized light to the axis of double refrac- 
tion or the axis of the rings. We have already shown how 
the tint or color varies with the thickness of the crystallized 
body, and how, when we know the color for one thickness, we 
may determine it for all other thicknesses, the inclination of 
the ray to the axis remaining always the same. We have 
now, therefore, only to consider the effect of inclmation to tlie 
axis. It is obvious that along the axis of the crystal, where 
the two black lines AB, C Dtjig. 98., cross each other, there 
is neither double refraction nor color. When the polarized 
ray is slightly inclined to the axis, a faint tint appears, like 
the blue in the first order of Newton's scale ; and as the incli- 
nation gradually increases^all the cdors in Newton's table are 
produced in succession, from the very black of the first order 
up to the reddish white of the seventh order. Here, then, it 
appears that an increase in the inclination of the polarized 
light to the axis corresponds to an increase of thickness ; so 
that if the light always passed through the same thickness of 
the mineral, the different colors of the scale would be pro- 
duced by difierence of inclination alone. Now, it is found by 
experiment, that in the same thickness of the mineral, the 
numerical value of the tints, or the numbers opposite to the 
tints in the last column of Newton's table, vary as the square 
of the sine of the inclination of the polarized ray to the axis. 
Hence it follows, that at equal inclinations the same tint will 
be produced ; and consequently, the similar tints will be at 
equal distances from the axis of the rings, or the lines of equal 
tint or rings will be circles whose centre is in the axis. Let 
us suppose that at an inclination of 30° to the axis we observe 
the blue of the second order, the numerical value of whose 
tint is 9 in Newton's table, and that we w4sh to know the tint 
which would be produced at an inclination of 45°. The sine 
of 30° is -5, and its square -25. The sine of 45° is -7071, and 
its square .5. Then we say, as -25 is to 9, so is -5 to 18, which 
in the table is the numerical value of the red of the third 
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order. If we suppose the thickness of the mineral to be in- 
creased at the inclinations 30° and 45°, then the numerical 
value of the tint would increase in the same proportion. 

It is obvious from what has been said, that the polarizing 
tbrce, or that which produces the rings, vanishes when the 
double refraction vanishes, and increases and diminishes with 
the doable refraction, and according to the same law. The 
polarizing force, therefore, depends on the force of double re- 
fraction; and we accordingly find that crystals with high 
double refraction have the power of producing the same tint, 
either at much less thicknesses, or at much less inclinations to 
the axis. In order to compare the polarizing intensities of 
different crystals, the best way is to compare the tints which 
they produce at right angles to the axis where the force of 
double refraction and polarization is a maximum, and with a 
given thickness of the mineral. Thus, in the case given 
above, we may find the tint at right angles to the axis, by 
taking tlie square of the sine of 90°, which is 1 ; so that we 
have the following proportion : as *25 is to 9, so is 1 to 36, the 
value of the maximum tint of calcareous spar at right angles 
to the axis, upon the supposition that a tint of the value of 9 
was produced at an inclination of 30°. If we have measured 
the thickness of Iceland spar at which the tint 9 was produced, 
we are prepared to compare the polarizing intensity of Iceland 
spar widi diat of any other mineral. Thus, let us take a plate 
of quartz, and let us suppose that at an inclination of 30°, 
and with a thickness fifly-one times as great as that of the 
plate of Iceland spar, it produces a yellow of the first order, 
whose value is about 4 Then to find the tint at 90°, or at 
right angles to the axis, we say, as the square of the sine of 
30°, or •25, is to 4, so is the square of the sine of 90°, or 1, to 
16, the tint at 90°, or the green of the third order. Now the 
polarizing power or intensity of the Iceland spar would have 
been to that of the quartz as 36 to 16, or 2^ times as great, if 
the thickness of the two minerals had been the same ; but as 
tiie thickness of the quartz was 51 times as great as that of 
the Iceland spar, the polarizing intensity of the Iceland spar 
will be 51 multiplied by 2^ times, or 115 times as great as 
that of quartz. The intensities for various crystals have been 
determined by several observers, but the following have been 
given by Mr. Herschel : — 
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Polarizing Intenntiea of Crygtals tmth One Axi$. 



Iceland spar - - ~ 
Hydrate of strontia - 
Tourmaline ... 
Hjposulphate of lime - 
Quartz .... . 
Apophyllite, 1st variety 
Camphor . - . - 
Vesuvian . - - - 
Apophyllite, dd variety 
3d variety 



35801 

1246 

851 

470 

312 

109 

101 

41 

33 

3 



ThkkQMMa tli«t prntuc 
the law Tiat. 



0-000028 
0-000802 
0-001175 
0-002129 
0-003024 
0-009150 
0-009856 
0-024170 
0-030874 
0*366620 



The above measures are suited to yeUotp light, aud the 
nnmbers in the second column show &e proportions of the 
thicknesses of the different substances that produce the sai^e 
tint The polarizing force of Iceland spar is so enonnous at 
right angles to the axis, that it is almost impracticable to pre- 
pare a film of it suiEciently thin to exhibit toe /colors in New* 
ton's table. 



CHAP. xxm. 

ON THE STSTEMS OF COLORED RINGS IN CfRYSTAIiS WTTB 
TWO AXES. 

(118.) It was long believed that all crystals had only one 
axis of double refraction ; but, after I discovered the double 
system of rings in topaz and other minerals, I ifound that these 
minerals had two axes of double re&action as well as of polar- 
ization, and that the posBession of two axes Qharaeterized th(^ 
great body of crystals which are either formed by art, oi 
which occur in the mineral kingdom. 

The double system of rings, or rather one of the sets of tht 
doable system of rings in topaz, first presented itself to me 
when I was looking along the axis of topaz, which reflected a 
part of the light of the sky that happened to be polarized, so 
that they were seen without the aid either of a polarizing or 
an analyzing plate. In this and some other minerals, however, 
the axes of double refraction are so much inclined to one an- 
other, that we cannot see the two systems of rings at once. I 
shall therefore proceed to explain them as exhibited by nitrey 
in which I also discovered them and examined many of their 
properties. 
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Nitre, or saltpetre, is an artificial substance which crystal- 
lizes in six-sided (n-isms with angles of about 120°. It belongs 
to the prismatic system of Mohs, and has therefore two axes 
of double refraction along which a ray of light is not divided 
into two. These axes are each inclined about 2J° to the axis 
of the prism, and about 5° to each other. If, therefore, we Cut 
off a piece of a prism of nitre with a knife driven by a smart 
blow from a hammer, and polish two flat surfaces perpendicu- 
lar to the axis of the prism, so as to leave a thiclmess of the 
sixth or eighth of an inch, and then transmit the polarized 
light r «, fig. 94., along the axis of the prism, keeping the 
crystal as near to the plate B as possible on one side, and the 
eye as near it as possible on the other, we shall see the double 
system of rings, A B, shown in Jig. 1(K)., when the plane pass- 
ing through the two axes of nitre is in the plane of primit've 



Fig. 100. 



Fig. 101. 





polarization, or in the plane of reflexion r s O, Jig. 94., and 
the system shown in^^. 101. when the same plane is inclined 
45° to either of these planes. In passing from the state ot 
jfig. 100. to that of ^^. 101., the black lines assume tlie forms 
shown in Jigs. l02. and 103. 

These systems of rings have, generally speaking, the same 
colors as those of thin plates, or as those of the systems of 
rings round one axis. The orders of colors commence at the 
P2 
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centres A and B of each system ; but at a certain distance, 
wfaicfa in^^. 100. cOTre8p(xid8 to the sixth ring, the linga, b 



Fi^. 103. 



irr^.103. 





place of returning and encircling each pole A and B, encir- 
cle the two poles as an ellipse does its two foci. 

When we diminish the thickness of the plate of nitre, the 
rings enlarge ; the fifth ring will then snrround both poles. 
At a less thickness, the fourth ring will surround them, till at 
last all the rings will surround bo3i poles, and the system will 
have a great resemblance to the system siirrounding one axis. 
The place of the poles A, B never changes, but the black 
lines A B, C D become broad and indefinite ; and the whole 
system is distinguished firom the smgle system principally by 
the oval appearance of the rings. 

If we increase the thickness of the nitre, the rings will di- 
minish in size ; the colors will lose their resemblance to those 
of Newton's scale ; and the tints do not commence at the 
poles A, B, but at virtual poles in their proximity. The color 
of the rings within the two poles is red^ and without them 
blue ; and the great body of the rings is pink and green. 

As the same color exists in every part of the same curve, 
the curves have been called isochromatic lines, or lines of 
equal tint. The lines or axes along which there is no double 
refraction or polarization, and whose poles are A, B, fig. 100., 
have been called optical axes, or axes of no polarization, or 
axp^ of compensation^ or resultant axes ; because they have 
been ^und not to be real axes, but lines along which the op- 
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posite actions of other two real axes have been compensated, 
or destroy one another. 

(119.) In various crystallized bodies, such as nitre and or^ 
n^miUef where the inclination of the resultant axet^ A, B, 
fig, 100., is small, the two systems of rings may be easily 
seen at the same time ; but when the inclination of the result- 
ant axes is great, as in topaz, sulphate of irony &c, we can 
only see one of the systems of rings, which may be done most 
advantageously by grinding and polishing two parallel faces 
perpendicular to the axis of the rings. In mica and topaz, 
and various other crystals, the plane df most eminent cleavage 
is equally inclined to the two resultant axes ; so that in such 
bodies the systems of rrogs may be readily found and easily 
exhibited. 

Let M N, for example, j^^. 104., be a plate of topaz, cut or 
split 80 as to have its face perpendicular to the axis of the 




prism in which this body ciystaliizes. If we place this plate, 
fig. 104., in the apparatus ^^. 94* so that the polarized ray r «, 



Fig. 105. 




fig. 94., passes along the line A B e E, 
fig, 104., and if the eye receives this 
ray when reflected from the analyzing 
plate B, it will see in the direction of 
that ray a system of oval rings, like 
that inj^. 105. In like manner, if 



the polarized light is transmitted along 
the line C B (2 D, the eye will see an- 



■ f { f ^Vl 11^] ^^^^^ system perfectly similar to the 
IlilUf 11 it ^^^^ ThelinesABeEandCBc^D 

1 1 1 m ^B f f I I are, therefore, the resultant axes of 
topaz. The angle ABC will be found 
equal to about 12I« 16' ; but if we 
compute the inclination of the refract- 
ed rays B (£, B e, we shall find it, o'^ 
the angle <2 B e, to be only 65° ; which 
is, therefore, the inclination of the op* 

tied or resultant axes of topaz. 
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If we suppose the plate of nitre fixed in any of the positions 
which give any of tlie rings sliown in .^«. 100, 101, 102, or 
103., then, if we turn round the plate B, we shall observe in 
the azimuths of 90° and 270° a system of rings complement- 
ary to each, in which the black cross in fig, 100. and the 
black hyperbolic curves in figs, 101. 103. are white, all the 
other dark parts light, and the red green, the green red, &c. 
as in the single system of rings with one axis. 

In the preceding observations we have supposed the polari- 
zation of the incident light, and the analysis of the transmitted 
light, to be necessary to the production of the rings ; but in 
certain cases they may be shown by common light with the 
analyzing plate, or by polarized light without the analyzing 
plate B, and in some cases without either the light being po- 
larized or analyzed. If in topaz, for example, fig, 104., we 
allow common light to fall in the direction A B, so as to be 
refracted along Be, one of the resultant axes, and subsequently 
reflected at e from the second surface, and reaching the eye 
at c, we shall see, after reflexion from the analyzing plate, 
the system of rings in fig. 105. ; or if A B is polarized light, 
the rings will be seen by the eye at c Without an analyzing 
plate. There are several other curious phenomena seen under 
these circumstances, which I have described in the Phil. 
Transactions for 1814, p. 203. 211. 

I have found some crystals of nitre which exhibit their 
rings without the use either of polarized light or an analyzing 
plate ; and Mr. Herschel has found tiie same property in some 
crystals of carbonate of potash. 

(120.) When the preceding phenomena are seen by polar- 
ized homogeneous light, in place of white light, the rings are 
bright curves, separated by dark intervals ; the curves having 
always the color of the light employed. In many crystals the 
diflTerence in the size of the rings seen in diflferent colors is 
not very great, and the poles A, B of the two systems do not 
greatly change their place ; but Mr. Herschel found that there 
were crystals, such as tartrate of potash and soda, in which 
the variation in the size of the rmgs was enormous, being 
greatest in red, and least in violet light, and in which the 
distance A B,figs. 100. 101., or the inclination of the resultant 
axes, varied from 56° in violet light to 76° in red, the inclina- 
tion having intermediate values for intermediate colors, and 
the centres of all the diflferent systems lying in the line A B. 
When all these systems of rings are combined, as they are in 
using white light, the system of rings which they form is ex- 
ceedingly irregular, the two oval centres, or the halves of the 
first order of colors, being drawn out with long spectra or 
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teils of red, green, and violet light, and the enda of all the 
a^er rings being red without the resultant axes, and blue 
within. 

Mr. Heraehel iband .other crystals in which the rinfs are 
snudiest in re4, and Uirge^t in blue light, and in which the 
inclination of 'the axes or A B is least in red, and greatest in 
violet ^^t 

In aU eiTStals of tibis kind, the deviation of the tints, or the 
ookffs of tne rings seen in white light, from Newton's Table 
is very considerafble, and niav be cal<^ated fro&a the preceding 
principles. This deviation 1 found to be very great, even in 
* crystals with one axis of double refraction and one system of 
rings, such as apopkyUke where the rings have scarcely any 
other tints than a succession of greeni^ yeUow, and reddish 
purple ones. By viewing these rings in homogeneous light, 
Mr. Hersohel has <found Siat the system is a negative one for 
the rays at t^ one end of the spectrum, a poative one for the 
rays at the other end of the spectrum, and that there are no 
lings at all in yellow li^ht. 

A similar and equatly curious anomaly I have found in 
giauberite, winch is a crystal which has two axes of double 
re&action, or two systems of rings for red light, and one nega« 
tive system for violet light 

(121). All the singularities of these phenomena disappear, 
and may be rigorously calculated by supposing the reliant 
ft^« vof crystals where there are two, or the sii^le axis where 
there is one, with a system d* rings deviating nom Newton's 
scale, as merely apparent axes, or axes of compensation, pro- 
duced by the oppos^ action of tiDo or more rectangular axes, 
the principal one of which is the line bisecting the angle 
formed by the two resultant axea Upon this principle, I have 
shown tmit all ^e phenomena presented by such crystals may 
be ccMnputed with as much accuracy as we can compute the 
motions of the heavenly bodies. 
The method of doing this may be understood from the fol- 
lowing observations. Let A C B D, 
Jig, 106., be a crystal with two axes 
turned into a sphere. Let P, P be the 
pdes of the axes, O the point bisecting 
them, and A B a line passing throagh 
' O, and perpendicular to C D, a line 
passing through P, P. Let us suppose 
an axis to pass through O, perpendicu- 
^_,^^ lar to the plane A C B D, then we may 

IS account ^ all the pfaoiomena of such 

crystals, by supposing the axis at O to be the principal one, 
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and the other axis to be along either of the diameters A B or 
CD. If we take C D, then the axes O and C D must be both 
of tlie same name, either both positive or both negative ; bot 
if we take A B, the axes must be one positive and the other 
negative ; or, what is perhaps the simplest supposition for il- 
lustration, we shall suppose the two rectangular axes which 
produce all the phenomena to be AB, C D, either both positive 
or both negative, leaving out the one at O. Supposing A O B, 
C P P D to be projections of great circles of the sphere, then 
P, P are the points where the axis A B destroys the effect of 
the axis C D ; that is, where the tints produced by each axis 
roust be equal and opposite. Now, if we suppose the arch 
C P to be 60^, then, since A P is 90°, it follows that the axis 
C D produces at 60° the same tint that A B does at 90°, and 
consequently the polarizing intensity of C D will be to that 
of A B as Uie square of the sine of 90° is to the square of the 
sine of 60°, or as 1 to 0*75, or as 100 to 75. The polarizing 
force of each axis being thus determined, it is easy to find the 
tint which will be produced by each axis separately at any 
given inclination to the axis, by the method formerly explain- 
ed. Let E be any point on the surface of the sphere, and let 
the tints produced at tiiat point be 9, or the blue of the second 
order, by C D, and 16, or the green of the third order, by A B. 
Let the inclination of the planes passing through A E, C £, 
or the spherical angle C E A be determined, then the tint at 
the point E will correspond to the diagonal of a parallelogram 
whose sides are 9 and 16, and whose angle is double the angle 
C E A This law, which is general, and applies also to double 
refraction, has been confirmed by Biot and Fresnel, the last 
of whom has proved that it coincides rigorously with the law 
deduced from the theory of waves. 

If the axes A B, G D are equal, it follows that they will 
produce the same tint at equal inclinations ; that is, they will 
compensate each other only at one point, viz. O, and will pro- 
duce round O a system of colored rings, the very same as if 
O were a single axis of double refraction of an opposite name 
to A B, C D. If the axis A B has exactly the same propor- 
tional action that C D has upon each of the differently colored 
rays, a compensation will take place for each color exactly at 
O, the centre of the resultant systems of rings, and the colors 
will be exactly, those of Newton's scale. But if each axis ex- 
ercises a difS^rent proportional action upon the colored rays, a 
compensation will take place at O for some of the ravs (for 
violet, for example), while the compensation for red will take 
place on each side of O ; consequently, in such a case the 
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crystal will have one axis Sot violet light, and two a^res for red 
light, like glauberite. 

The phenomena of apophyUite may, in a similar manner, 
be explained by two equal negative axes, A B, C D, and a 
positive axis at O. 

According to this method of combining tlie action of dif> 
ferent rectangular axes, it follows that three equal and rectan- 
gular axes, either all positive or all negative, will destroy one 
another at every point of the inhere, and thus produce the 
very same effect as if the crystal had no double refraction and 
polarization at all. Upon this principle I have explained the 
absence of double refraction in all the crystals which ibrm the 
tessular system of Mobs, each of the primitive forms of which 
has actually three similarly situated and rectangular axes. If 
one of these axes is not precisely equal to the other, and tiie 
crystallization not perfectly unifonn, traces of double refrac- 
tion will appear, which is found to be the case in muriate of 
soda, diamond, and other bodies of this clasa 

(122.) The following table contains the polarizing inten- 
sities of some crystals with two axes, as given by Mr. Iler- 
schel : — 

Polarizing Intensities of Crystals with Two Axes, 





hiRheat 

Tint. 


Thii kiit-Mv* th»t 
prod Ilea Ihe Muoe 

0000135 
0-000526 
0^000765 
0-001920 

0-004021 


j^itre . 


7400 

1900 

1307 

521 

249 


Anhydrite, inclination of axes 43° 48' 
Mica, inclination of axes 45° - - . 

Sulphate of baryto 

Heulandite (white), inclination ofi 
axes 54° ir \ 



CHAP. XXIV. 

IMTEKFERENCE OF POLARIZED LIGHT.— ON THE OAUSK OF THB 
COIiORS OF CRYSTALLIZED BODIES. 

(123.) Having thus described the principal phenomena of 
the colors produced by regularly crystallized bodies tliat pos- 
sess one or two axes of double refraction, we shall proceed to 
explain the cause of tliese remarkable phenomena. 

Dr. Young had the great merit of applying the doctrine of 
interference to explain tlie colors produced by double refrac- 
tion. When a pencil of light falls upon a thin plate of n 
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doubly refmcting crystal, it is separated into two, which move 
through the plate with dificrent velocities, corresponding to 
the ditfereut indices of refraction for the ordinary and extra- 
ordinary ray. In calcareous spar, the ordinary ray moves 
with greater velocity than the extraordinary one ; and there- 
fore Uiey ought to mterfere with one another, and in homo- 
geneous light produce rings consisting of bright and dark cir- 
cles round the axis of double refraction. According to this 
doctrine, however, the rings ought to be produced in common 
as well as in polarized light; but as this was not the case. Dr. 
Young's ingenious hjrpo&esis was long neglected. The sub- 
ject was at last taken up by Messrs. Fresnel and Aiago, who 
displayed great address in their investigation of the subject, 
and succeeded in showing how the production of the rings de- 
pended on the polarization of the incident pencil and its sub- 
sequent analysis by a reflecting plate or a doubly refracting 
prism. 

The following are the laws of the inteiference of polarized 
light as discovered by MM. Fresnel and Arago : — 

1. When tvDO rayn polarized in the aame plane interfere 
with each other, they wiU produce by their interference fringe* 
of the very same kind as if they were common light 

This law may be proved by repeating the experiments on 
the inflexion of light, mentioned in Chap, XL, in polarized in 
place of common light; and it will be found that the very 
same fringes are produced in the one case as in the other. 

2. When two rays of light are polarized at right angles 
to each other, they produce no colored fringes in the same cir- 
cumstances under which two rays of common light would 
produce them. When the rays are polarized at angles inter- 
mediate between 0° and 90°, they produce fringes of inter- 
mediate brightness, the fringes being totally obliterated at 
00°, and recovering their greatest brightness at 0°, as in 
Law 1. 

In order to prove this law, MM. Fresnel and Arago adopted 
several methods, the simplest of which is the following, em- 
ployed by the latter. Having made two fine slits in a thin 
{)late of copper, he placed the copper behind the focus F of a 
ens, as in fig. 56., and received the shadow of the copper 
upon the screen C D, where the fringes produced by the inter- 
ference of the rays passing through the two slits were visible. 
In order, however, to observe the fringes more accurately, he 
viewed them with an eye-glass, as formerly described. He 
next prepared a bundle of transparent plates, like either of 
those shown at A and B, fig. 93., made of fifteen thin films of 
mica or plane glass, and he divided this bundle into two, by 
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a sharp catting instrument At the line of division these 
bundles had as nearly as possible the same thickness, and they 
were capable of polarizing completely light incident upon 
them at an angle of 30°. These bundles were then placed 
before the slits so as to receive and transmit the rays from the 
fix;us F at an incidence of 30°, and through portions of the 
mica in each bundle that were very near to each other pre- 
vious to their separation. The bundles were also fixed to re- 
volving frames, so that, by turning either bundle round, their 
planes of pol vization could be made either parallel or at right 
angles to each other, or could be inclined at any intermediate 
angle. When the bundles were placed so as to polarize the 
rays in parallel planes, the fringes were formed by the slits 
exactly as when the bundles were removed; but when the 
rays were polarized at 90**, or at right angles to each other, 
the fringes wholly disappeared. In all intermediate positions 
the fringes appeared with intermediate degrees of brightness. 

3. Tbo rays originally polarized at right angles to each 
other may be subsequently brought into the same plane of po- 
larization, without acquiring the power of forming fringes 
by their interference. 

If, in the preceding experiment, a doubly refracting crystal 
be placed between the eye and the copper slits, having its 
principal section inclined 45° to either of the planes of polari- 
zation of the interfering rays, each pencil will be separated 
into two equal ones polarized in two rectangular planes, one 
of which planes is the principal section itself. Two systems 
of fringes ought, therefore, to be produced ; one system from 
the interference of the ordinary ray from the right hand slit 
with that of the ordinary ray from the left hand slit, and an- 
other system from the interference of the extraordinary ray 
from the right hand slit with the extraordinary ray from the 
left hand slit ; but no such fringes are producedf. 

4. 7W rays polarized at right angles to each other, and 
afterwards brought into similar planes of p(darization, pro- 
duce fringes by their interference like rays of common light, 
provided they belong to a pencil, the whole of which was 
originally polarized in the same plane, 

5. In the phenomena of interference produced by rays that 
have suffered dottle refraction, a difference of half an undu- 
lation must be allowed, as one of the pencils is retarded by 
that quantity from some unkrunpn cause. 

The second of these laws affords a direct explanation of 
the fact which perplexed Dr. Young, that no fringes are ob- 
servpd when light is transmitted through a thin plate possess- 
ing double refraction The two pencils thus produced do not 
Q 



ro. 



1Q2 A TKEATISK ON OPTICS. PABT U. 

form fring^es by their interference, because they are polarized 
in opposite planes. 

The production d the fringes by the acti<»i of doubly re- 
fracting crystals on polarized light may be thus explained, 
Let M 2s, fig, 107., be a section of the plate of sulphate of 
Fig. 107. lime, C E D F,^. 94., and Bthe ana- 

lyzing plate. Let R r be a polarized 

^ // ray incident opcm the plate M N, and 

/r let O and E be the onlinary and ex- 

/ ^ traordinary rays produced by the 

\'\ E s3r double refraction of th*e plate M N. 

y When the plate M N is in such a po- 

N sition that cither of its neutral axes 

C D, E F, fig. 94., are in the plane of primitive polarization 
of the ray Kr^fig, 107., tlien one of the pencils will not suf- 
fer reflexion by the plate B, and consequently only one of the 
rays will be reflected. Hence it is obvious that no colors can 
be produced by interference, because there is only one ray. 
But in every other position of the plate M N, the two rays, 
O «, E «, will be reflected by the plate B ; and being polarized 
by the plate in the same plane, they will, by Law 1., interfere, 
and produce a color or a fringe correspondincr to the retardation 
of one of the rays within the plate, arising from the difllerence 
of their velocities. If we call d the interval of retardation 
within the plate M N, we must add to it half an undulation 
to get the real interval, as one of the rays passes from the or- 
dmury to the extraordinary state. If we now suppose the 
plate B to make a revolution of 90^, M N remaining flxed, 
then the ray E will be reduced to the ordinary state ; and con- 
sequentlv we must subtract half an undulation from <2, the in- 
terval of*^ retardation within the plate, to have the real difier- 
ence of the intervals of retardation. Hence the two intervals 
of retardation will differ by a whole undulation ; and conse- 
quently the color produced when the plate B has been turned 
round 90°, will be complementary to that which is produced 
when the plate B has the position shown mfig, 107. 

If we suppose the rays E and O to be received upon and 
analyzed by a prism of Iceland spar, we shall have two or- 
dinary rays interfering to form the colors in one image, and 
two extraordinary rays interfering to produce the complement- 
ary colors in the other image. 
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CHAP. XXV. 

ON THE POT.ARIZfNQ STRUCTURE OP AXAUCUOL 

(124.) In a preceding chapter I have mentioned the very 
remarkable double refraction which is possessed by analcime. 
This mineral, which is also called cubizite, has been regarded 
by mineralogists as having the cube for its primitive form ; but 
if this were correct, it should have exhibited no double refrac- 
tion. Analcime has certainly no cleava^ planes, and it must 
be regarded at present as forming in this respect as great an 
anomaly in crystallography as it does in optics by its extra- 
ordinary optical phenomena. 

The most common form of the analcime is the solid called 
the icositetraJiedron, which is bounded by twenty-four equal 
and similar trapezia ; and we may regard it as derived from 
tlie cube, by cutting off each of its angles by three planes 
equally inclined to the three feces which contain the solid 
angle. If we now conceive the cube to be dissected by planes 
passing through all the twelve diagonals of its six faces, each 
of these planes will be found to be a plane of no double re- 
fraction, or polarization ; that is, a ray of polarized light trans- 
mitted in any direction whatever, provided it is in one of these 
planes, will exhibit none of the polarized tints when tJie 
crystal is placed in the apparatus. Jig. 94. These planes of 
no double refraction are shown by dark lines in Jigs. 108. and 



Fig. 108. 




Fig. 109. 




109. If the polarized ray is in- 
cident in any direction which 
is out of these planes, it will 
be divided into two pencils, and 
exhibit the finest tints, all of 
which are related to the planes of 
no double refraction. The double 
refraction is sufficiently great to 
admit a distinct separation of the 
images when the incident ray 
passes through any pair of the 
four planes which are adjacent to 
thfc three axes of the solid, or of 
> the cube from which it is derived. 
The least refracted image is the 
extraordinary one; and conse- 
quently the double refraction is 
negative in relation to the axes 
to which the doubly refracted ray 
is perpendicular. 
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In all other doubly refracting crystals, each particle has the 
same force of double refraction; but in the analcime, the 
double refraction of each particle varies with the square of its 
distance from the planes already described. 

The beautiful distribution of the tints shown in figs, 106. 
and 109. cannot, of course, be exhibited to the eye at once, 
but are deduced by transmitting polarized light in every 
direction through the mineral. 

in several of the crystals, the tints rise to the third and 
fourth order ; but when the crystals are very small, the tints 
do not exceed the white of the first order. The tints are ex- 
actly those of Newton^s scale, which indicates that they are 
not the result of opposite and dissimilar actions. In figs, 106. 
and 109. the tints are represented by the faint shaded lines 
having their origin from the planes where the double refrac- 
tion disappears. 

The preceding property of analoime is a simple and easily 
applied ^^nerak>gical character, which would identify the most 
shapeless fragment of the mineral. 

The abbe Hauy first observed in this mineral its property 
of yielding no electricity by friction, and derived the name c^ 
analcime from its want of this property. When we consider 
that the crystal is intersected by numerous planes, in which 
the ether do^s not exist at all, or has its properties neutralized 
by opposite actions, we may ascribe to this cause the difficulty 
with which friction decomposes the natural quantity of elec- 
tricity residing in the mineral. 



CHAP. XXVJ. 

on GULCJJhKA POLARIZATION. 

(125]). In all crystals with one axis there is neither double 
refraction nor polarization along the axis ; and \h\s is indicated 
in the system of rings, by the disappearance of all light in the 
centre of tlie rings at the intersection of tlie black cross. 
When we examine, however, the system of rings produced 
by a plate of rock crystal whose faces are perpendicular to the 
axis, we find that the black cross is obliterated within the 
inner ring, which is occupied with a uniform tint of red, 
green, or blue, according to the thickness of the plate. This 
e^ct will be seen in fig, 110. M. Arago first observed 
these colors in 1811. He found that when they were analyzed 
oy a prism of Iceland spar, the two images had complementary 
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colore, and that the colors changed, descending in Newton's 
Fig. 110. scale as the prism revolvSd ; so that if 

the color of the extraordinary image 
was red, it became in succession oraneej 
yellow, green, and violet. From this 
result he concluded, that the differently 
colored rays had been polarized in dif- 
ferent planes, by passing along tlie axis 
of the rock crystal. In this state of tlie 
subject, it was taken up by M. Biot, who 
investigated it with much sagacity and 
success. 
Let C E D F be the plate of quartz. Jig. 94., along whose 
axis a polarized ray, r*, is transmitted. When the eye is 
placed at O, above the analyzing plate fixed as in the figure. 
It will see, for example, a circular red space in the centre of 
the rings. If we turn the quartz round its axis, no change 
whatever takes place ; but if we turn the plate B from right 
to left, through an angle of 100° for example, we shall observe 
the red change to orange, yellow, green, and violet, the latter 
having a dark purple tinge. If we now cut from the same 
prism of rock crystal another plate of twice the thickness, and 
place it in the apparatus, the plate B remaining where it was 
left, we shall find that its tint is different from that of the 
rormer plate ; but by turning the plate B 100° farther, we 
jhall again bring the tint to its least brightness, viz., a sombre 
violet By a plate thrice as thick, the least brightness will 
be obtained by turning the plate B 100° farther, and bo on, till, 
^hen the thickness is very great, the plate B may have made 
several complete revolutions. Now, it might happen that a 
Uiickness had been taken, so that the rotation of B which pro- 
duced the sombre violet was 360°, or terminated in the point 
i)°, firom which it set out, which would have perplexed the 
'.'bserver, if he had not made the succession of experiments 
.'vhich we have mentioned. 

This phenomenon will be better understood, by supposing 
^hat we take a plate of qttartz ^th of an inch thick, and u.se 
»he different homogeneous rays of the spectrum in FuccpFsion. 
Beginning with red, we shall find that the red light in the 
centre of the rings has its maximum brightness whrn the 
-^late B is at 0° of azimuth, as in Jig, 94. If we turn B from 
''igkt to lejt, the red tint will gradually decreaijc, and after a 
"otation of 17-^° the red tint will wholly vanish, having rrarh- 
*d its minimum. With a plate Tf^ths thick, the rrd wiil 
/anish at 35°, every additional thickness of the 25th of an 
nch requiring an additional rotation of 17i°. If the lin^ht i.s 
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violet^ the same thickness, viz., ^^^th of an inch, will require a 
rotation of 41^ to make it vanish, every additional 25th of 
an inch of thickness requiring a rotation of 41° more. 

(136.) The rotations for dSerent colors corresponding to 1 
millimetre, or ^th of an inch of quartz, are as follows : — 





Amor 

Kolation. 




Araitf 

BBlrtltM. 


Extreme red 

Mean red 

Limit of red and orange • 

Mean oranf^e 

Limit of orange and yellow 

Mean yellow 

Limit of yellow and green- 
Mean green ... 


170 :»' 

19 00 

20 29 

21 24 

22 10 

24 00 

25 40 
27 51 


Limit of green and blue - 

Mean blue 

Limit of blue and indigo 
Mean indigo .... 
Limit of indigo and violet 

Mean violet 

Extreme violet - - - 


30O03' 
32 19 
34 34 

36 07 

37 41 
40 53 
44 05 



Upon trying various specimens of quartz, M. Biot found 
that there were several in which the very same phenomena 
were produced by turning the plate B from left to ri^ht. 
Hence, in reference to this property, quartz may be divided 
into right-handed and Ufl-'handed quartz. 

Prom these interesting facts it follows, that, in passing 
along the axis of quartz, polarized light comports itself at its 
egress from the crystal, as if its planes of polarization revolved 
in the direction of a spiral within the crystal, in some speci- 
mens from right to left, and in others from left to right. " To 
conceive this distinction," says Mr. Herschel, '*^let the reader 
take a common cork-screw, and holding it toith the head to- 
wards him, let him turn it in the usual manner as if to pene- 
trate a cork. The head will then turn the same way as the 
plane of polarization of a ray, in its progress from the spec- 
tator through a right-handed crystal, may be conceived to da 
If the thread of the cork-screw were reversed, or were what 
is termed a left-handed thread, then the motion of the head 
as the instrument advances would represent that of the [dane 
of polarization in a left-handed specimen of rock crystal." 

From the opposite characters of these two varieties of quartz, 
it follows, that if we combine a plate of right-handed with a 
plate of left-handed quartz, the result of the combination will 
be that of a plate of the thickest of the two, whose thickness 
is equal to the difference of the two thicknessea Thus, if a 
plate TT^th of an inch thick of right-handed quartz is combined 
with a" plate Aths thick of left-handed quartz, the same colors 
will be produced as if we used a plate ^'^ths of an inch 
thick of left-handed quartz. When the thicknesses are equal, 
the plates of course destroy each other's effects, and the sys- 
tem of rings with the black cross will be distinctly seen. 

(127.) In examining the phenomena of circular polarization. 
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in the amethyst, I found that it possessed the power in the 
same specimen of turning the planes of polarization both 
from right to left and from left to right, and that it actually 
consisted of alternate strata of right and lefh-handed quartz, 
whose planes were parallel to the axis of double refraction of 
the prism. When we cut a plate perpendicular to the axis rf 
the prism, we therefore cut across these strata, as shown in 
Jig. 111., which exhibits secticms of the strata which occur 
Fitr. 111. opposite the three alternate fiices of the 

six-«ided prism. The shaded lines are 
those which turn the planes of polariza- 
tion from right to left, while the inter- 
mediate unshaded ones and the three un- 
^ shaded sectors turn them from left to 
right. These strata are not united to- 
gether like the parts of certain composite 
crystals, whose dissimilar faces are 
brought into mechanical contact ; for the 
right and left-handed strata destroy each 
other at the middle line between each stratum, and each stra* 
turn has its maximum polarizing force in its middle line, the 
force diminishing gradually to &e lines of junction. 

In some specimens of amethyst the thickness of these strata 
is so minnte, that the action of the right-handed stratum ex- 
tends neaiiy to the central line of the lefb-handed stratum, 
and vice versd, so as nearly to destroy each other ; and hence 
in such specimens we see the system of colored rings with 
the black cross almost entirely uninfluenced by the tints of 
circular polarization. A vein of amethyst, therefore, ^^^th of 
an inch thick in the direction of the axis, may be so thin in a 
direction perpendicular to the axis that the arc of rotation for 
the red ray may be 0^ ; and we shall have the curious phe- 
nomenon of a plate which polarizes circularly only the most 
refrangible rays of the spectnim. By a greater dewcee of 
thinness in the strata, the plate would be incapable of polar- 
izing circularly the yellow ray ; and by a greater thiimess 
still, there would be no action on the violet light These 
feeble actions, however, might be rendered visible at great 
thicknesses of the mineral. 

We may therefore conclude that the axes of rotation in 
amethyst vary from 0° to each of the numbers in the preceding 
table, accord mg to the thickness of the strata. 

The coloring matter of the amethyst I have found to be 
curiously distributed in reference to these views ; but I must 
refer to the original memoir for fiirther mforraation.* 

* Edinburgh TransacUcns^ vol. ix. p. 139. 



188 



▲ TREATISE ON OPTICS. 



FAST n. 



M. Biot maintained that this remarkable property dt quartz 
resided in its ultimate particles, and accompanied them in all 
their combinations. I have found, however, that it is not pos- 
sessed by opaly tabasheer,, and other silicious bodies, and that 
it disappears in melted quartz. Mr. Herschel also found that 
it does not exist in a solution of silica in potash. 
fir 118. Hitherto no connexion could be traced between 
jl the right and left-handed structure in quartz, and 
the crystalline form of the specimens which possess- 
ed these properties. Mr. Herschel, however, dis- 
covered that the plagiedral quartz which contains 
unsymmetrical feces, x x x,fig, 112., turns the pknes 
of polarization in the same direction in which these 
faces lean round the summits Axx, axx. 

Circular Polarization in Fluids, 

(128.) The remarkable property of polarizing light circu- 
larly occurs in a feeble degree in certain fiui(&, in which it 
was discovered by M. Biot and Dr. Seebeck. -Mr. Herschel 
has found it in camphor in a solid state, and I have discovered 
it in certain specimens of unannealed glass. If we take a 
tube six or seven inches long, and fill it with oil of turpentme, 
and place it in the apparatus, fig, 94., so that polarized light 
transmitted through the oil may be reflected to the eye from 
tlie plate B, we shall observe the complementary colors and a 
distinct rotation of the plane of polarization from right to left. 
Other fluids have the property of turning the planes of polari- 
zation from left to right, as shown in the following table, 
which contains the results of M. Biotas experiments. 

Crystals which turn the Planes from Right to Left. 




Rock crystal 

Oil of turpentine 

Solution of 1753 parts of artificial camphor \ 

in 17369 of alcohol j 

Essential oil of laurel. 
turpentine. 



Kre or Rotation 
tor (iTerrSBtb 
of an inch in 
ThickneM. 



RelatiTeThirk- 



180 25' 
16 

01 



1 
68^ 



Crystals lohich turn the Planes from Left U> Right 





ArcofRoUtion 
foreTeryMth 
or «n incli in 
Thickom. 


Relative Thick- 
nriMM that 
r.oduee the 
mmt Eifcct. 




180 25' 
26 
33 


1 

38 


Essential oil of lemons - 

Concentrated syrup (from sugar) - - - - 
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In examining these phenom^ia, M. Fresnel discovered that 
in quartz they were produced by the interference of two 
pencils formed by double refraction along the axis oi the quartz. 
He succeeded in separating these two pencils, which differ 
both from common and polarized light They differ from 
polarized light, because when either of them is doubled bv s 
doubly refracting crystal, the pencil ojt image never vanishea 
during the revolution of the crystal They differ from com- 
mon tight, because when they sufier two total reflexions from 
glass, at an anj^le of about 54^, the one will emerge polarized 
in a plane inclmed 45^ to the right, and the other in a plane 
45° to the lef^ of the plane of total reflexion. M. Fresnel 
has also discovered the following properties of a circularly 
polarized ray: — When it is transmitted through a thin doubly 
refracting plate parallel to its axis, it is divided into two 
pencik with complementary colors ; and these colors will be 
an exact quarter oi a tint, or an order of colors, either higher 
or lower in Newton's scale, than the color which the same 
crystallized plate would have given by polarized light M. 
Fresnel also proved that a circularly polarized ray, when 
tpanamitted along the axis of rock cnrstal, will not exhibit the 
complementary colors when analyzed. 

(129.) In the prosecution of this curious subject, M. Fresnel 
discovered the following method of producing a ray possessmg 
all the above properties, and therefore exactly similar, to one 
of the pencils produced by circular double. refraction. Let 
ABC 6, Jffl". 113., be a paiallelopiped of crown glass, whose 
index of refraction is 1*510, and whose angles A B C, A D C 
are each 54^°. If a common polarized ray, R r, is incident 
perpendicalaaiy upon A B, and emerges 
perpendicularly from C D, afler having 
soflfered two t^ reflexions at E and F, at 
an^es of 54^° ; and if these reflexions are 
performed in a plane inclined 45° to the 
plane of p(^arization of the ray, the emer- 
gent ray F G will have all the properties 
of a circalarly polarized ray, resembling in 
every respect one of those produced bv 
doable refraction along the axis of rock 
crystal But as this circularly polarized 
ray may be restored to a single plane of 
polarization, inclined 45° to the plane of reflexion, by two 
total reflexions at 54^°, it follows, and I have verified the re- 
sult by observation, that if the parallelepiped A B C D is 
sufficiently long, the pencil will emerge circularly polarized, 



Fig. 113. 
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at 2, 6, 10, 14, 18 reflexions, and polarized in a single plane 
after 4, 8, 12, 16, 20 reflexions. 

M. Fresnel proved that the ray R r would emerge at G, 
Circularly polarized by three total reflexions at 09° 12', and 
four total reflexions at 74° 42'. Hence, according to the pre- 
ceding reasoning, the ray will be circularly polarized by 9, 
15, 21, 27, &c. reflexions at 69° 12', and restored to common 
polarized light at 6, 12, 18, and 24 reflexions at the same 
angle ; and it will be circularly polarized by 12, 20, 28, 36, 
&c. reflexions at 74° 42', and be restored to common polar- 
ized light by 8, 16, 24, 32, &c. reflexions. 

I have found that circular polarization can be produced by 
2J, 7^, 12J, &c. reflexions, or any other number which is a 
multiple of 2\ ; for though we cannot see the ray in the mid- 
dle of a reflexion, yet we can show it when it is restored to a 
single plane of polarization, at 5, 10, 15 reflexions.* When 
we use homogeneous light, we find that the angle at which 
circular polarization is produced is different for the differently 
colored rays; and hence these di^rent rays cannot be restored 
to a single plane of polarization at the same angle of reflexion. 
Complementary colors will therefore be produced, such as 1 
described long ago, and which, I believe, have not been ob- 
served by any other person.t These colors are essentially 
different from those of common polarized light, and will be 
understood when we come to explain those of elliptical polar- 
ization. 



CHAP. XXVIL 

ON ELLIFTIOAI. POLARIZATION, AND ON THE ACTION OF 
METALS UPON LIGHT. 

On Elliptical Polarization. 

(130.) The action of metals upon light has always present- 
ed a troublesome anomaly to the philosopher. Mains at first 
announced that they produced no effect whatever; but he 
afterwards found that the difference between transparent and 
metallic bodies consisted in this, — that the former reflect all 
the light which they polarize in one plane, and refract all the 
light which they polarize in an opposite plane ; while metallic 
bodies reflect what they polarize in both planes. Before I was 

* See PUl. TranaacUons^ 1830, p. 301. 
t See PhU. TransaUiona, 1830, p. 309. 325. 
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acquainted with any of the experiments of Malus, 1 had found* 
that light was modified by the action of metallic bodies ; and 
that, in all the metals which I tried, a great TOftion of light 
was polarized in the piano of incidence. In February, 1815, 
I discovered the curious property poesessQjd l^ silver and gold 
and other metals, of dividing polarized rajrs into tiieir comple- 
mentary colors by successive reflexions : but I was misled by 
some of the results into the belief, that a reflexion from a 
metallic surface had the same effect as a certain thickness of 
a crystallized body; and that the polarized tints varied with 
the angle of incidence, and rose to higher orders, by increasing 
the number of reflexions, M. Blot, in repeating my experi- 
ments, and in an elaborate investigation of the phenomena,! 
was misled by the same causes, and has given a lengthened 
detail of experiments, formulas, and speculations, in which all 
the real phenomena are obscured and confounded. Although 
I had mj full share in this rash generalization, yet I never 
viewed it as a correct expression of the phenomena, and I 
have repeatedly returned to the subject with the most anxious 
desdre of surmounting its difliculties. In this attempt I have 
succeeded ; and I have been enabled to refer all the phenomena 
of the action of metals to a new species of polarization, which 
I have called elliptical polarization, and which unites the two 
classes of phenomena which constitute circttlar and rectilineal 
polarization. 

(131.) In the action of metals upon common light, it is easy 
to recognize the feet announced by Mains, that the light 
which 3iey reflect is polarized in difierent planes. I have 
found that the pencil pdarized in the plane of reflexion is 
always more intense than that polarized m the perpendicular 
plane. The diflerence between these pencils is least in silver, 
and greatest in galena, and consequently the latter polarizes 
more light in the plane of reflexion than silver. The following 
table shows the effect which takes place with other metals : — 

Order in which the Metals polarize most LigM in the Plane of 
Reflexion. 



Galena. 


Bteel. 


Copper. 


Fine gold. 


Lead. 


Zinc. 


Tin plate. 


Common silver. 


Grey cobalt. 


Bpeciilum metal. 


Brass. 


Pure silvet 


Arsenica] cobalt. 


Platinum. 


Grain tin. 


Total reflexion 


Iron pyrites. 


Bir<muth. 


Jewellers' gold. 


flrom glass. 


Antimony. 


Mercury. 







* Treatise on JVew Philos. Instruments, p. 347. and Preface, 
t Traiti de Physique, tom. iv. p. 579. 600. 
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By incveasing the number of reflexions, the whole of the 
incident light may be polarized in the plane of reflexion. 
Eight reflexions from plates of steel, between 60° and 80*', 
polarise the whole light of a wax candle ten feet distant An 
increa^ Bumb<^ of reflexions [above 961 is necessary to do 
this with pare silver; and in total reflexions from glass, 
where the circular polarization begins, and where the two 
pencils are equal, the eflTect cannot be produced by any number 
of reflexions. 

In order to examine the action of ^metals upon polarized 
light, we must provide a pair of plat^ of each metal, flatly 
ground and highly polished, and each at least 1| inch long 
and half an inch broad. These parallel plates sliould be fixed 
upn a goniometer, or other divided instrument, so that one 
of the plates can be made to approach to or recede from the 
other, and so that their surftces can receive the polarized ray 
at di^rent angles of incidence. In place of giving the plates 
a motion of rotatbn round the polarized ray, I have found it 
better to give the plane of polarization of the ray a motion 
round the plates, so that the planes of reflexion and of polari- 
zation may be set at any required an?le. The ray reflected 
from the plates one or more times is t£en analyzed, either by 
a plate of glass or a rhomb of Iceland spar. 

When the plane of reflexion from the plates is either par^ 
allel or perpendicular to the plane of primitive polarization, 
the reflected light will receive no peculiar modification, ex- 
cepting what arises firom their property of polarizing a portion 
of light in the plane of reflexion. But in every other position 
of the plane of reflexion, and at every angle of incidence, 
and after any number of reflexions, the pencil will have re- 
ceived particular modifications, which we shall proceed to 
explain. One of these, however, is so beautifbl and striking, 
as to arrest our immediate attention. When the pbites are 
silver or gold^ tiie most brilliant complementary colors are 
seen in the ordinary and extraordinary images, changing with 
the angle of incidence and the number of reflexions. These 
colors are most brilliant when the plane of reflexion is in- 
clined 45° to the plane of incidence, and they vanish when 
the inclination is 0° or 90°. All the other metals in the table, 
p. 191, give analogous colors ; but they are most briUiant in 
silver, and diminish in brilliancy from silver to galena. 

In order to investigate the cause of these phenomena, let 
us suppose steel plates to be used, and the plane of the polar- 
ized ray to be inclined 45° to the plane of reflexion. At an 
incidence of 75° the light has sufibrcd some physical change, 
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which is a maximum at that angle. It is not polarized lig^t, 
because it does not vanish during the revolution of the ana- 
lyzing plate. It is neither partially polarized Ikfht nor com- 
mon Bght ; because, when we reflect it a eecona time at 75^, 
it is restored to liffht polarized in one plane. If we transmit 
the light rcflcGtecTfiiom steel at 75^ alonff the axis of Iceland 
spar, the eystem of noga shown in^^. 96. is changed into the 
system shown in^^. 114, as if a thm film of a crystallized 
Fig. 114. body which polarizes the blue of the 

first order haid crossed the system. If 
we substitute fiir the calcareous spar 
films of sulphate of lime which give 
dii^rent tints, we shall find that these 
tmts are increased in value by a quan- 
tity nearly equal to a Quarter of a tint, 
according as the metallic action com- 
cides wiS) or opposes that of the crys- 
tal. It was on the authority of this 
experiment that I was led to believe 
that metals acted like crystallized plates. And when I found 
that the colors were better developed and more pure after 
successive reflexions, I rashly concluded, as If. Biot also did 
after me, that each successive reflexion corresponded to an 
additional thickness of the film. In order to prove the error 
of this opinion, let us transmit the light reflected 2, 4, 6, 8 
times from steel at 75^ along the axis <^ Iceland spar, and we 
^all &id that the S3rstem of rings is perfect, and that the 
whole of the li^ht is polarized in one plane ; a result absolutely 
incompatible with the supposition of the tints rising with tlie 
number of reflexions. At 1, 8, 5, 7, 9, II reflexions, the ligh.. 
when transmitted nlons the axis of Iceland spar will produce 
an eflfect equal to neariy a quarter of a tint, beyond which it 
never rises. 

I now conceived that light reflected 1, 3, 5, 7, 9 times fitnn 
steel at 75^ resembled circularly polarized light In circularly 
polarized li^ht produced by two total reflexions firom glass, the 
ray originally polarized -f 45^ to the plane of reflexion is, by 
the two refl^ons at the same angle, restored to light polarized 
— 45° to the plane of reflexion ; whereas in sted, a ray pokr- 
tzed -f'^^* snd reflected ovtce from steel at 75°, is restored kf 
another reflexion at 75° to light polarized — 17°. 

With difiSsrent metals the same effect is produced, but the 
iodmatioD of the plane of polarizatku of the restored ray ii 
diffisrenty as the following table shows: — 
R 
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Total BcAtxIOM. 


offMiond 


Total iMfltttOM. 


oriMtand 


From glaM - • 
Pure Mlver - • 
Common sUver • 

J^el[en' gold 
vfiaiA tm * * 
BnuB - - • 




4^0 0' 
9948 
36 
35 
33 
33 
32 
31 
29 
26 
22 


Bismuth .... 
speculum metal 

1^1 '. '. '. I ; 

Iron pyntei - • ■ 
Antimony * • • 
Arsenical cdbalt • 
Cobalt .... 

Lead 

Galena - - . 
Specular iron, • 




21O0' 
21 
1910 
17 
14 
16 15 
13 
12 30 
11 
2 



Tin Plate - - 




Copper - - - 
Meicujy - - 
Platinum • • 





In total refleuonsy or in circular polarization, the circularly 
polarized ray is restored to a single plane by the same number 
<^ reflexions and at the same angle at which it received cir- 
cular polarization, whatever be the inclination of the plane of 
the second pair of reflexions to the plane of the first pair ; but 
in metallic pc^ization, the an£^le at which the s^xxnd re> 
flexion restores the rav to a single plane of polarization varies 
with tiie inclination of the plane of the second reflexion to the 
plane of the first reflexion. In the case of total reflexions, 
this angle varies as the radii of a circle ; that is, it is always 
the same. In the case of metallic polarization, it varies as 
the radii of an ellipse. Thus, when the plane of the polarized 
ray is inclined 45^ to the plane of primitive polarization, the 
ray reflected once at 75^ will be restored to polarized lifirht at 
an incidence of 75^ ; but when the two planes are parafiel to 
one another, the restoration takes i)lace at 80^ ; and when they 
are perpendicular, at 70° ; and at intermediate angles, at in- 
termediate inclinations. For these reasons, I have called this 
kind of polarization elliptic polarizatiatt. 

We have already seen that light polarized + 45P is ellipti- 
eally polarized bv I, 3, 5, 7 reflexions from steel at 75°, and 
restored to a sinffle plane of polarization by 2, 4, 6, 8 reflexions 
at the same angle ; and we have stated that tiie ray restored 
by two reflexions has its plane of polarization brought into 
the state of — 17°. The following are the inclinations of this 
plane to the pla[ne of reflexion, by diflerent numbers of r»> 
.flexions firom steel and silver : — 



No. 
of Re- 
flextoni. 


Inclination of the Plane 
of the potarized Ray. 


No. 
of Re. 
flexions. 


Inclination of the Plane 
of the polarised Ray. 


$teeL 


fiS/p«r. 


8ieeL 


Silver, 


4 
6 

8 


— 17°0' 
+ 622 
— 138 

+ 030 


—38° 15' 
+ 31 52 
—26 6 
+ 21 7 


10 

12 
18 
36 


-0°9' 
+ 08 
— 
+ 00 


-16°M^ 

+ 13 30 
— 6 42 
+ 47 
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These reiults explain in the dearest manner why eommtm 
Ught is polarized by $teel after eight reflexions, and by sU?er 
not till after thirty-six reflexions. Coounon light consists of 
two pencils, one polarized -f 45S and the other — 45®; and 
steel brings these planes of polarization into the plane of re- 
flexion after eight reflexioni^ while silver requires nx)re than 
thirty-six reflexions to do this. 

(132.) The anffles at which elliptical polarization is pit^ 
duced by one reflexion may be considered as the pw?rimttm 
polarizing angles of the metal, and their tangents may )m 
consider^ as the indices of refiraction of the di&rent i ' * 
as shown in the following table : — 



Oraintm • - • 
Meicoiy . - - 
Galena . • - • 

Iran pyritei - - 
Greyoobah • • 
Speculam metal 
Antimony melted 
Steel .... 
Bkmuth • - - 
Pure silver • - 
Zinc .... 
Tin plate hammered 
Jewellew' gold - ■ 



78 27 

78 10 

77 30 
76 S6 
76 
75 25 
75 
74 SO 
73 

78 30 
70 50 
70 45 




Elliptical polarization may be produced by a sufficient num- 
ber of reflexions at any given anffle, either above or below 
the maximum polarizing angle, as niown in the following tabk 
for sued: - 



"«?-•*-- 


ilnw^ <rf ua^M^ ^ 


_ 


wkick tlM PtwU to » 




tlMlavndMd. 


■tend to ■ ataite PtaM. 


tf iMliMM. 


3 9 15 ^^ 


6 12 18 Ac. 


^Qf 


2| 7|12|&& 


5 10 15 A& 


84 


2 6 10 Ac 


4 8 12 A& 


82 20 


U4| 7i&c. 


3 6 9Ac. 


79 


r3 5 Ac. 


2 4 6Ac. 


75 


1|41 7|&c 


3 6 9Ac. 


67 40 


2 6 10 Ac. 


4 8 12 Ac 


60 90 


^^l^sui. 


5 10 15 Ac. 


56 25 


3 9 15 Ac 


6 12 18 Ac 


52 20 



When the number of reflexions is an integer, it is essily 
understood how an elliptically polarized ray begins to retrace 
its course, and to recover its state of polarization in a single 

Slane, by the same number of reflexions by which it lost it |^ 
nt it is interesting to observe, when the number of reflexions 
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is 1|, 21, or any other mixed number, that the ray mnst have 
atettuiiea its elhptical polarization in the middle of the second 
■nd third reflexion ; that is, when it had reached its greatest 
dijpth within the metallic surface it then begins to resume its 
state of polarization in a single plane, and recovers it at the 
end of 8, ^ and 7, reflexiona A very remarkable efiect takes 
place when one reflexion is made on one side of the maxi- 
mum pdarizing angle, and one on the other side. A ray that 
has received partial elliptical polarization b^ one reflexion at 
€5^ does not acquire more elliptic polarization by a reflexion 
At 54^, but it retraces its course and recovers its state of single 
polarization. 

By a method which it would be out of place to explain 
here, I have determined the number of pomts of restoration 
which can occur at difierent angles of mcidence from iP to 
90^, &r any number of reflexions ; and I have represented 
them in Jig. 115., where the arches I, I., II, IL, &c. represent 
the qua&mt of incidence, for ane^ (too, &c. reflexions; C 




heang the point of 0^, and 6 that of QO'^ of incidence. In the 
qindrant, I, L there is no point of restoration. In 11, IL there 
is odv one point or node of restoration, viz. at 73° in nlver. 
In III, ni. there are two points of restoration, because a ray 
elliptically polarized by one and a half reflexion will be re- 
stored by tnree reflexions at 63° 43' beneath the maximum 
polarizing angle, and at 79° 40' above that angle. It may also 
be shown that for IV. reflexions there are 3 points of restora- 
tion, for V. reflexions 4 points; and for VI. reflexions 5 points, 
as shown in the figure. The loops or double curves are drawn 
to represent the mtensity of the elliptic polarization which 
has its minimum at 1, 2, 3, &c., and its maximum in the middle 
of the unshaded parts. If we now use homogeneous light, 
ife shall find that the loopus have different sizes in the different 
colored rajrs, and that their minima ano maxima are di^rent 
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Hence, in the Vlth quadrant, C B fiv example, there will be 
6 loops of all the different colors, viz. C 1 ; 1, 2; 2, 3; d, ^ 
&c ; overlapping one another, and producing by their mixture 
those beautiful complementary colors which have already been 
mentioned. For a more full account of this curious branch 
of the subject of polarization, I must refer the reader to the 
Pkilotophieal Transa^Ums^ 1890; or to the Edinbwrfh 
Jaumal of Science, No& VIL and VUL new series, April, 1881. 



CHAP. xxvm. 

ON THS POLARIZDfO STRUCTURS F&ODVOKD BT BIAT, OQU>, 
OOMFREftUQN, DILATATIOH, AHD DIDUEATZOM. 

The various phenomena of double refraction, and the sy»- 
tems of polarized rings with one and two axes of douUe re- 
fraction, and with planes of no double refiraetion, may be pro- 
duced either transiently or permanenUv, in glass and otiier 
substances, by heat and cold, re^ ecchng, conyfremon md 
dUatatum, and induration, 

1. Transient Influence of Heat and CokL 

(1.) Cylinders of glass with one positive axis of douhk 
refraction, 

(133.) If we take a cylinder of glass, from half an inch to 
an inch in diameter, or upwards, and about half an inch or 
more in thickness, and transmit heat from its circumference to 
its centre, it will exhibit when exposed to polarized light, in 
the apparatus. Jig. 94., a system of rings with a black cross^ 
exactly similar to those in Jig 98. ; and the complementary 
svstem shown in Jig, 99. will appear by turning round the 
plate B 90°. In this case we must hold the cylinder at the 
distance of 8 or 10 inches from the eye, when the rings will 
appear as it were in the inside of the glass. If we cover up 
any portion of the surface of the glass cylinder, we shall hide 
a corresponding portion of the rings, so that the cylinder has 
its single axis of double refraction fixed in the axis of its 
figure, and not in every possible direction parallel to that axis 
as in crystals 

By crossing the rings with a plate of sulphate of lime, as 
formerly explained, we shall find that it depresses the tints in. 
the two quadrants which the axis of the plate crosses ; and 
R2 
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oonsequetitly that the system of rings is neg-ativej like that of 
calcareous spar. 

As soon as the heat reaches the axis of the cylinder, the 
rinn hegin to lose their hrightness, and when the heat is 
imS>rmly diffused through the glaas^ they disappear entirely. 

(2L) CyUnden qf glau with a negative axis of double 
. refraction. 

(134.) If a similar cylinder of glass is heated uniformly in 
boiling oil, or otherwise brooffht to a ocnsideFably high tem- 
perature, and is made to cool rapidljr by surrounding its cir- 
cumference with a good conductor, it will exhibit a similar 
system of rings^ which will all vanish when the glass is uni- 
rormly cold By crossing these rings with sulphate of lime, 
they will be finind to be positive, like those of ice and zircon ; 
or the same thing may be proved by combining this system of 
rings with the preceding system, when they will be found to 
defray one another. 

In both these eystems of rings, the numerical value of the 
tint or color at any one point varies as the square of the dis- 
tance of that point from the axis. By placing thin films of 
sulj^te of lime between two of these systems of rings, very 
beautiful systems may be produced. 

(3.) Oval plates of glass toitk two axes qf double refraction, 

(135.) If we take an oval plate A BDC, Jig, lid, and 
„ us. perform with it the two preceding experi- 
^' ments, we diall find that it has in both cases 

two axes of double refhiction, the principal 
axis passing through O, being negative when 
' it is heated at its circumference, and positive 
when cooled at its circumference. The curves 
^__ .^ A B, C D, correspond to the black ones in 
C ^ Af' iOI*» <u>^ ^6 distance m n to the inclina- 
tion of the resultant axe& The efiect shown in Jig. 116. is 
that which is produced by inclinmg m n 45*^ to the plane of 
primitive polanzation ; but when mn is in the plane of prim- 
itive polarization, or perpendicular to it, the curves A B^ C D, 
will K>rm a Uack cross, as in^^. 100. 

In all the preceding experiments, the heat and cM might 
have been introduced and conveyed through the glass firom 
each extremity of the axis of the cylinder or plate. In this 
case the phenomena would have been exactly the same, but 
the axes that were formerly negative will w>w he poiitive, 
tuad vice versd. 
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(4) Cubes of glau ufith dauUe refraction, 

(196.) When the shape of the gkas is that of a cnhe, the 
rings have the fonn shown m /^. 117. and when it is a panl- 
lelopiped with its length about three times its breadth, the 

Fir. 117. *^. 118. 



^r^ 




rings have the form shown in jS^. 118. the curves of equal tint 
near the angles being ctrclef, as shown in both the figures. 

(5.) Rectangvlar fiUUes of glass with pUmes of no donhU 
refraction, 

(137.) If a well annealed rectangular plate of gfauH^EFDC, 
is placed with its lower edge C D on a piece of iron AB D C 
fig. 119., nearly red hot, aiM the two together are |daeed in the 

J^.119. 




A" 

apparatus^ Jtg. 04., so that C D may be mclined 46® to the 
plane of pri*nitive polarization, and that polarized light may 
reach the eve at O from every part of the glass, we shall ob- 
serve the mllowing phenomena. The instant that the heat 
enters the surface G 1), fringes of brilliant colors will be seen 
parallel to C D, and almost at the same time before the heat 
lias reached the upper surfiu» £ F, or even the central line 
a b, similar fHnges will uipear at £ F. Colors at first faini 
blue, and then white, ywow, orange, &c., all spring up at 
a h ; and these central colors will be divided from those at the 
edges by two dark lines^ M N, O P, in which there is neither 
doable refiractiiMi nor polarization. These lines correspond 
with the hlack curves 'mfir, 101. and^. 116., and the struc- 
ture between M N and O P is negative, like that of cal- 
careous spar ; while the structures without M N and O P are! 
positive, like those of zncon. The tints thus develimed ar» 
those of Newton's scale, and are compounded of the di£ferent 



Fig.iao. 
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sets of tints that would be griven in each of the homogeneous 
rays of the spectrum. 

In these plates there is obviously an infinite number of axes 
in the planes passing through M N, O P, and all the tints, as 
well as the double refraction, can be calculated by the verj 
same laws as in re^lar ciystals, mutatis mutandis. 

If the plate £ FT) C is heated equally all round, the fringes 
are produced with more regularity and quickness ; and if the 
plate, first heated in oil or otherwise, is cooled equally all 
round, it will develope the same fringes, but the central ones 
at a 6 will in this last case be positive, and the outer ones at 
£ F and C D negative. 

Similar efi^ts to those above described may be produced in 
similar plates of rock salt, obsidian, fiuor spar, copal, and other 
solids that luive not the doubly refracting structure. 

A series of splendid phenomena are produced by croesin? simi- 
lar or dissimilar plates of glass when their fringes are developed. 
When similar plates of elass, or those in which the fringes are 
produced by heat, as in^g. 119., are crossed, the curves cft lines 
of equal tint at the square of intersection, A B C D, Jig. 120#, 
will be hyperbolas. The tint at the 
centre will be the difierence of the 
central tints of each of the two plates, 
and the tints of the succeeding hy- 
perbolas will rise gradually in me 
scale above that central tint If the 
tints produced by each plate are 
precisely the same, and the plates of 
the same shape, the central tints will 
destroy each other, the hyperbolas 
will be equilateral ones, and the tints 
will gradually rise from the zero of 
Newton's scale. 
When dissimilar plates are crossed, as in Jig. 121., viz. one 
in which the fringes are produced by heat with one in which 
they are produced by cold, the lines of equal tint in the square 
of intersection A fi C D (jfiff. 121.), will be ellipses. The tints 
in the centre will be equal to the sum of the separate tints, 
and the tints formed by the combination of the external fringes 
will be equal to their difference. If the plates and their tints 
are perfectly equal, the lines of equal tint will be citdes, Tho 
beauty of these combinations can be understood only firom col« 
ored drawings. When the plates are combined lengthwise, 
Ihey add to or subtract from each other's ^ect, acccSding as 
nmilar or dissimilar fringes are opposed to cme another. 
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(d) spheres of glass, d^ wUh an infinite number of axes 
of aoutiU refraction, 

(138.) If we place a sphere of glass in a glass trou^ of hot 
oil, and observe tiie system of rin^s, while the heat is pasnng 
to the centre of the q;)here, we Sudl find it to be a regular 
svstem, exactly like that in fi^. 96. ; and it will suffer no 
enange by turning the sphere in any directi(xi. Hence the 
nphere bais an in&ite number of fositive axes of double re- 
daction, or one along each of its diameters. 

If a very hot sphere of glass is placed in a glass trou^ of 
odd oil, a similar system will be produced, but the axes will 
all be negative, 

(7.) Spheroids of glass with one axis of douUe refraction 
along the axis <f revolution and two axes along the eqwh 
torial diameters, 

(139.) If we place an oblate spheroid in a glass trough of 
hot oil, we shall find that it has one axis of positive double 
refraction along its shorter axis, or that of revolution ; but if 
we transmit the polarized light along any of its equatorial 
diameters, we shall find that it has two axes of double r^rao- 
tion, the black curves appearing as in fig. 116. when the axis 
of revolution is inclined 45° to the plane of primitive polari- 
zation, and changing into a cross when the axis is parallel or 
perpendicular to the plane of primitive polarization. 

The very same phenomena will be exhibited with a prolate 

Seroid, only the black cross opens in a different plane when 
two axes are developed. 
Opposite systems of rings will be developed in both these 
cases, if hot spheroids are plunged in cold oil. 



202 A TBKATI8B OVt OPTIG8* FAST Xl« 

The reason of using oil is to enable the polarized light to 
pass through the spheres or spheroids without refraction. The 
oil should have a refractive power as near as possible to that 
of the gloss. 

A number of very curious phenomena arisQ from heating 
and cooling glass tubes, or cylinders, along their axes ; the 
most singular variations taking place according as the heat 
and cold are applied to the circumference, or to the axis, or to 
both. 

(8.) Influence of heat <m regular crystaU^ 

(140.) The influence of uniform heat and cold on reeplar 
crystals is very remarkable. M. Fresnel found that heat duates 
sulphate of lime less in the direction of its principal axis 
than in a direction perpendicular to it ; and professor Mitscher- 
lich has found tiiat Iceland spar is dilated bjr heat in the di- 
rection of its axis of double refraction, while in all directions 
at right angles to this axis it contracts ; so that there must be 
some intermediate direction in which there is neither contrac- 
tion nor dilatation. Heat brings the rhomb of Iceland epeir 
nearer to the cube, and diminishes its double refraction. 

In applying heat to sulphate of lime, professor Mitscherlicb^ 
found that the two resultant axes (P, P, fgr, 106.) gradually 
approach as the heat increases, till they unite at O, and fbrm 
a single axis. By a still farther increase of heat they open 
out on each side towards A and R A very curious fiuct or ait 
analogous kind I have found in glauberite, which has one axii 
of double refraction for violet, and tu>o axes for red light 
With a heat below that of boiling water, the two resultant 
axes (P, P, Jig. 106.) unite at O, and, by a slight increase ot 
heat, the resultant axes again open out, one in the directioa 
O A, and die other in the direction OR By applying cold, 
the single axis for violet light at O opened out into two at P 
and P. At a certain temperature the violet axis also opened 
out into two, in the plane A R 

% On the permanent Influence qf sudden Ckioling, 

(141.) In March, 1814, 1 found that dass melted and sud- 
denly cooled, such as prince Rupert's £ops, possessed a per- 
manent doubly refractmg structure ;* and in December, 1814, 
Dr. Seebeck published an account of analogous experiments 
with cubes of glass. ^ Cylinders, plates, cubes, spheres, and 
spheroids of gl^ with a permanent doubly refracting struc* 

* Letter to Sir Joeepb BanJifl, April 8. 1814. PAU, Traiu. 1814. 
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tnre, maj be ibrmed by bringing the gkas to a red heat, and 
cooling it rapidly at its circunSerence, c»r at its edgea As 
these solid bodies often lose their shape in the process, the 
symmetry of their structjire is affected, and the system of 
nngs or fringes injured ; so that the phenomena are not pro- 
duced so perfectly as during the transient influence of neat 
and cold. It is often necessary, too, to grind and polish the 
suf&ces afresh : an operation during which the solids are 
often broken, in consequence of the state of constraint in 
which the particles are held. - 

An endless variety of the most beautiftil optical flgures 
may be prddaced by cooling the glass upon metallic patterns 
(metals being the best conductors) applied symmetrically to 
each sur&ce of the glass, or symmetrically round its circum- 
ference. The heat may be thus drawn on from the glass in 
lines of any form or direction, so as to give any variety what* 
ever to its structure, and, consequently, to the optical figure 
which it produces when exposed to polarized light 

(142.) In all doubly refracting crystals the farm of the 
rings is independent of the external shape of the crystal ; 
but in glass solids that have received the doubly refracting 
structure, either transiently or permanently, from heat, the 
rings depend entirely on the external shape of the solkL ^ 
in Jis^, 119., we divide the rectangular plate E F D C into two 
equsd parts through the line a 6, each half of the plate will 
have the same structure as the whole, viz. a negative and two 
positive structures, separated by two dark neutral linea In 
like manner, if we cut a piece of a tube of glass, by a notch, 
through its circumference to its centre, or if. we alter the 
shape of cylindrical plates and spheres, &c., by grinding them 
into different external figures, we produce a complete chansd 
upon the optical figures which they had previously exhibited 

3. On the Influence of Compression and Dilatation, 

(143.) If we could compress and dilate the various solids 
above mentioned with the same uni&rmity with whidi we can 
heat and cool them, we should produce the same douUy re* 
trading structures which have been described, compressioa 
and dilatation always producing opposite structurea 

The influence of compression and dilatation may be well 
exhibited by takinff a strip of glass, A B D C, fg. 122., and 
bending it by the mrce of the handa When it is held in the 
apparatus,^. 94., with its edge A B inclined 45^ to the plane 
of primitive polarisation, the whole thickness of the gksi will 
be covered with colored fringes, consisting of « negative set 
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Mtrated from a positive set by the dark neutral line M N. 
The fringes on the convex side A B are negative^ and those 




«Q the cKmctne side fosUioe, As the bending force mcreases, 
the tints increase in number ; and as it diminishes, they di- 
minish in number, disappearing^ entirely when the plate of 
glass recovers its shape. The tints, which are those of New- 
Ion's scale, vary with their distances from M N ; and when 
two such plates as that shown in fig, 122. cross each other, 
they produce in the sauare of intersection rectilineal fringes 
parallel to the diagonaJi of the square which joins the an^es 
where the two concave and the two convex sides of the plates 
meet 

When a plate of bent glass is made to cross a plate crys- 
tallized by heat, and suddenly cooled, the fringes in the square 
of intersection are parabolas, whose vertex will be towards 
the convex side of the bent plate, if the principal axis of the 
Other plate is positive^ but towards the concave side, if that 
axis is negative. 

The e&cts of compression and dilatation may be most di»* 
tinctly seen by preson^ or dilating plates or cylinders of 
calves'<^eet jelly or soft isinglasa 

By the application of compressing and dilating forces, I 
have been able to alter the doubly refracting structure of 
regularljT crystallized bodies in every direction, increasing or 
dimmishing tiieir tints according to the direction in which the 
forces were applied.* 

The most remarkable mfluence of pressure, however, is 
that which it produces on a mixture of resin and white wax. 
in all the cases hitherto mentioned of the artificial production 
of doaUe refraction, the phenomena are related to the shape 
of the mass in which the change is induced : but I have been 
able to communicate to the compound above mentioned a 
double refraction, similar to that which exists m the particles 
of crystals. The compressed mass has a single axis of double 
refraction in every parallel direction, and me colored rings 
ana produced by the inclinatkm of the refracted ray to the 
axis aooording to the same law as in i^egnlar crystals. If we 

* 8m EdhikuTgh Traruactiiu, vol. viii. p^ SSL 
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remove the compressed film, any portion of it will be found to 
have one axis of doable refraction like portions of a film of 
any crystal with one axi& The important deductions which 
this experiment authorizes will be noticed at the concluaioB 
of this part of the work. 

A, On the InflueMe of Induration* 

(144.) In 1814 1 had occasion to make some experiments on 
the influence of induration in communicating double refraction 
to soft solid& When isinglass is dried in a glass trough of a 
ch'cular form, it exhibits a system of tints wiui the black cross 
exactly like negative crystals with one axis. When a thin 
cylindrical plate of isinglass is indurated at its circumference, 
it produces a system of rings with one positive axis. If tibe 
trough in the first of these experiments and the plate in the 
second are oval, two axes or double refraction will be ex- 
hibited. 

When jelly placed in rectan^lar troughs of glass is grad- 
ually indurated, we have a positive and a negative structure 
developed, and these are separated by a black neutral line. 
If the bottom of the trough is taken out, so as to allow the 
induration to go on at two parallel sur&ces, the same fringes 
are produced as in a rectangular plate of glass heated in oil* 
and subsequently cooled. 

Spheres and spheroids of jelly may be made by proper in- 
duration to produce the same eflects as spheres and spheroids 
of glass when heated or cooled. The lenses of almost all 
animals possess the doubly refracting structure. In some 
there is only one structure, which is generally positive. In 
others there are two structures, a positive and a negative one ; 
and in many there are three structures, a negative between 
two positive, and a positive between two negative structures. 
In some instances we have two structures of the same name 
together. By the process of induration we may remove en- 
tirely the natural structure of the lens, especially when it is 
spherical or spheroidal, and superinduce the structure arising 
from induration. I have now before me a spheroidal lens of 
the boneto fish, with one beautiful system of rings along the 
axis of the spheroid, and two systems along the equatorial 
4iametera I have also several indurated lenses of the cod, 
that display in the finest manner their doubly refracting 
structure. 

S 
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CHAP. XXIX. 

PHENOMENA OT €X>MFOSITE OR TB8SELATED CRYfiTTAUL 

(145.) In all re^laily fonned doubly Te&actin^ crystals, the 
sepaiation of the two images, the isize of the rings, and the 
value of the tints, are exactl^the same in all parallel direc- 
tions. If two crystals, -however, have ^own together with 
their axes inclined to one another, and if we cut a plate out 
of these united crystals so that the eye cannot distinguish it 
from a plate cut oat of a single crystal, the exposure of such a 
crystal to polarized li^ht will instantly detect its composite 
nature, and will exhibit to the eye the very line of junction, 
'hiis will be obvious upon considering that the polarized ray 
has different inclinations to the axis of each crystal, and will 
therefore produce difierent tints at these different inclinations 
Hence the examination of a body in polarized light furnishes 
us with a new method of discovering structures which can- 
not he detected by the microscope, or any other method of 
observation- 

A very fine example of this is exhibited in the hipyramidal 
sulphate of potash, which Count Boumon and other crystal- 
lographers regarded as one simple crystal, whose primitive 
ibrm was the hipyramidal dodecahedron, like the crystd shown 
lafig. 112. But by cutting a plate perpendicular to the axis 
of the pyramid, and exposing it to polarized light, I found it 
to be composed of several crystals, all united so as to form the 
regular figure above represented. The crystal has two axes 
of double refraction, and the plane passing through the two 
axes of one, is inclmed 60^ to tlie plane passmg through the 
two axes of each of the other two. So that when we incline 
the plate, each of the three combined crystals displays difierent 
colors. I have found many remarkable structures of this kind 
in tiie mineral kmgdom, and among artificial salts ; but two 
of these are so interesting as to merit particular notice. 

([146.) The apophyllite from Faroe generally crystallizes in 
rignt-angled square prisms, and splits with great facility into 
plates by planes perpendicular to the axis of the prism. If 
we remove with a sharp knife the uppermost slice, or the vn- 
dermost, it will be found to have one axis of douWe refraction, 
and to give the single system of rings shown in Jig. 98. If 
•ve remove other slices in the same manner, we shall find 
tnat when exposed to polarized light they exhibit the curious 
tesselated structure shown in ^g» 123. The outer case, 
M O N P, consists of a number of parallel veins or plateFi. In 
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tiie ceatre is a small lozenge, o 6 c rf, with one axis erf* doable 
Fig. 123. refraction, and round it are four 

crystals. A, B, C, D, with two axes 
of double refraction, the plane pass- 
ing through the axes of A and D 
being perpendicular to the plane 
passing through the axes of B and 
C; and the former plane being in 
the directien M N, and the latter in 
the directiai O P. 
J When the polarized light is trans- 
mitted through the faces of certain 
wisms^ the beautiful tesselated figure shown in Jig. 124 is ex- 
hibited, all the differently shaded parts rfiinin^ with the most 
Fig.vu. splendid colors. As the pnsm has every- 
where the same thickness, it is obvious that 
tiie doublv refracting force varies in difierent 
parts of the crystal ; but this variation takes 
place in such a symmetrical manner in rela- 
tion to the sides and ends of the prism, as to 
set at defiance all the jpig, 135. 

recognized laws of 
crystallography. 

With the view of 
observing the form (rf* 
the lines of equal co- 
lor, I immersed the 
crjrstal in oil, and 
transmitted the polar- 
ized light in a direc- 
tion pcmdlel to a di- 
agonal of the prism; 
the eifect then exhil>> 
ited is shown in fig, 
125., where A BCD 
is the crystal; A C, 
and B D, its edges, 
where the tiiickness is nothing, and 
m n the edge throuo^ which the di- 
agonal of the prism passes. Now, it 
is obvious, that if this had been a regu- 
lar crystal, the lines of equal tint or of 
equal doable refraction would have ^ 
been all straight lines parallel to AC C - .^ 

or B D ; but m the apophyllite they present the most smgular 
irregularities, all of which are, however, symmetrically re- 
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lated to certain fixed points within the crystaL In the middle 
of the crystal, half way hetween m and n, there are only jEve 
fringfes or orders^ colors; at points equi-distant from this 
there are six fringes, the sixth returning into itself in the 
form of an ovdL At other two equidistant points near m and 
n, the dd, 4th, and 5th fringes are singularly serrated, and the 
6th and 7th fringes return into themselves in the form of a 
square ; heyond this, near m and n, there are only four fringes, 
in consequence of the fiM returning into itself. 

(147.) A composite structure of a very different kind, hut 
extremely interesting from the e^cts which it pr(3duces, is 
exhibited in many crvstals of Icelimd spar, which are inter- 
sected by parallel films or veins of various thicknesses, as 
shown in fig, 126. These thin veins or strata are perpendic- 
j^ ISO, ular to the short diagonals E F, G H of the 
s &ces of the rhomb, and parallel to the edges 

E G, F H. When we look perpendicularly 
I* through the fiices A E B F, DGC H, the 
light will not pass throu£rh any of the planes 
eb eg, A B C D, afhd, ana consequently 
we shall only see two images of any object 
just as if the planes were not there. But if 
we look through any of the other two pair 
D of parallel faces, we shall observe the two 

common images at their usual distance; and at a much greater 
distance, two secondary images, one on each side of the com- 
mon imagea In some cases there are ybur, and in other cases 
six, secondary images, arranged in two lines ; one line being 
on each side of the common unages, and perpendicular to the 
line joining their centres. When the interrupting planes are 
numerous, and especially when they aro also found perpen- 
dicular to the short diagonals of the other two faces of the 
rhomb that meet at B, the obtuse summit, the secondary 
images are extremely numerous, and sometimes arranged in 
pyramidal heaps of singular beauty, vanishing, and reappear- 
ing, and changing their color 'and the intensity of their light, 
by every inclination of the plate. If the light of the luminous 
object is polarized, the phenomena admit of still greater var 
nations. When the strata or veins are thick, the images are 
not colored, but have merely at their edges the colors of re- 
fracted light 

Malus considered these phenomena as produced by fissures 
or cracks within the crystal, and he regarded the colors as 
those of thin plates of air or space ; but I have found that they 
are produced by veins or twin crystals firmly united together 
so as to resist separation more powerfully than the natural 




cauF* xsix. coxvonxs or vwmx itt cb ystau. 309 

ctevage pkuiei»«iid I have fbuod this boUi emtallqepraphicallv:! 
faj measiuiDg the angles of the veina, and opticSOv, by oo- 
•ervinf ^le ay^em of xinga Been throoffh the veins alona 

This eompoote rtructuse will be Hndentood from ^. 127^ 
whore A BP C is the prinoipal aecliiQii of a rbomb of Iceland 




spar whose axis is A D. The form and position of one of the 
intefsecting veins or rhomboidal plates, is shown at M m N n, 
but sreatly thicker than it actually is; the angles A m M, and 
D n N, being 141° 44'. A ray of common li^t R 5, incident 
on the face A C at 6, will be refracted in the lines be, bd. 
These rays entering the vein M m N n, at c and d, will be 
again remicted doably ; but as the vein is so thin as to produce 
the complementary colors of polarized light by the interference 
of the two pencils which compose each of the pencils c e, df, 
these isalan will depend on the thickness of the vein M N, 
and on the inclination of the ray to the axis of the plate M N. 
These double pencils will emerge from tlie vein at e,/, and 
will be refracted again as in the figure into the pencils e m^ 
^^f^fp\ the colors ofen^fo, being complementary to 
those of em, f p. That the multiplication and color of the 
images are owing to the causes now explained may be proved 
ocuEurly, as I have done, by dividing rhpmbs of calcareous 
spar, and inserting between them, or m grooves cut in a single 
pbaXe of calcareous spar, a thin film of sulphate of lime or 
mica. In this way all the phenomena of the natural compound 
crystal may be reproduced in the artificial one, and we may 
ffive great variety to the phenomena by inserting thin films in 
aifi^rent azimuths round the pdarized pencils bc,bdj and at 
dilibrent inclinations to the axis of double refractioa v 

The compound crystal shown in jig. 127. is in reality a 
natural polarizing apparatus. The part of the rhomb A fn N C, 
polarizes the incident light R b. The vein M N is the thin 
crystallized vein whose colore are to be examined ; and the 
part B M n D, is the analyzing rhomb. 

Various other minerals and artificial crystals are inteFsected 
S2 
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with analogoas veins, and pvodace analogous i^enomena. 
There are several ccHnposite crystals which exhibit remarkable 
peculiarities of structure, and display curious optical phe* 
nomena by polarized liffht The Brazilian topaz is one of 
those which is wordiy of notice, and whose properties I have 
explained by cobred drawings, in the second voliune of the 
Cambridge Transactions. 

For a full account of the properties of composite crystals, 
and of the multiplication of images by the ciystals of cal- 
careous spar that are intersected by veins, we refer the reader 
to the Edinburgh Transactions, vol. ix. p. 317., and the PhiL 
TVflTM., 1815, p. 270. ; or to the Edinburgh Encyclopedia^ 
art Opncs. 



CHAP. XXX 

ON THB DICHROISM, OE DOITBLB ODLOR, OF BODIES; AND 
THE ABSORPTION OF POLARIZED LIGHT. 

(148.) If a crystallized body has a different color in different 
directions when common light ia transmitted through its 
substance, it is said to possess dichroism, which signifies two 
^colors. Dr. WoUaston observed this property long ago in the 
muriate of palladium and potash, which appeared of a deep 
red color along the axis, and of a vivid green in a transverse 
direction; and M. Cordier observed the same change of color 
in a mineral called iolite, to which Haiiy gave the name of 
dichroite, Mr. Herschel has observed a similar fact in a 
variety of sub^xysulphate of iron, which is of a deep blood 
red color along the axis, and of a li^ht green color perpen- 
dicular to the axia In examining this class of phenomena, I 
have found that they depend on the absorption of light, being 
regulated by the inclination of the incident ray to the axis of 
double refraction, and on a difference of color in the two 
pencils formed by double refraction. 

In a rhomb of yellow Iceland spar, the extraordinary image 
was of an orange yellow color, while the ordinary image was 
yellowish white along the axis. The color and intensity .<£ 
the two pencils were the same, and the difierence of color and 
intensity increased with the inclination to the axis. When 
tiie two images overlapped each other, their combined color 
was the same at all angles with the axis, and this color was 
that of the mineral. If we expose the rhomb to- polarized 
light, its color will be orange yellow in the position where the 
ordinary image vanishes, and yellowish white in the position 
where the extraordinary image vanishes. The crystals in the 
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ftUowin^ TaUe poneas the same properties, the ordinary and 
extraordinary images having the colors opposite to their 
names :-^ 



Cdlott ofihetibo Images in CrysUiU i 


vDfitk ONE Azia 


HamMor Cmtali. 


PiiBdiiil ScctioB la Hut 

or Folarinttoo. 


'-^'srs^^ffisat''- 


Zircon. 


Brownish white. 


Deeper brown. 


T^!^ 


Yellowish green. 


Blue. 


Pale yellow. 


Bright pmk. 


Emerald. 


Yellowish green. 


Bluish green. 
Yellowuh green. 


Emerald. 


Bluish green. 


Beryl, blue. 


Bluish white. 


Blue. 


Beryl, green- 


Whitish. 


Bluish green. 


Beryl, yellowiah 


Pale yellow. 


Pale green. 


Hock crystal, near- 
ly transparent. 
Ro^ ciystal, yellow. 


Whitish. 
Yellowish white. 


Faint brown. 
YeUow. 


Amethyst. 


Blue. 


Pink. 


Amethyst. 
Amethyst. 


Greyish white. 
Reddish yellow. 


Ruby red. 
Bluish green. 


Toarmaline. 




Bluii^ green. 


RttbelUte. 


Reddish white. 


Faint xed. 


Idocrase. 


Yellow. 


Green. 


MeUite. 


Yellow. 


Bluish white. 


Apatite lilac. 


Bluish. 


Reddish. 


Apatite olive. 
iWphateoflead 


Bluish green. 


Yellowish neen. 
Orange yellow. 


Iceland spar. 


Orange yellow. 


Yellowish white. 


Octohednte. 


Whitish brown. 


Yellowish brown. 



(149.) When the crystals have two axes of double refrao* 
tion, the absorption of the incident rays produces a variety of 
phenomena, at and near the two resultant axes. These plie- 
nomena are finely displayed in tolite. This mineral, which 
crystallizes in six and twelve-sided prisms, is of a deep blue 
color when seen along the axis, and of a brottmish yeUow 
when seen in a direction perpendicular to the axis of the 
prism. When we look along the resultant axes which are 
mclined 62^ 50' to one another, we see a system of rings 
which are pretty distinct when the plate is thin ; but when it 
is thick, and when the plane pacing through the axes is in 
the plane of primitive polarization, branches of blue and white 
light are seen to diverge in the form of a cross from the centre 
of the system of rings. This ciurious effect is shown in Jig. 
128., where P, P', are the centres of the two systems of rings, 
O the principal negative axis of the crystal, and C D the plane 
passing through 3ie axes. The blue branches, which are 
shaded in the figure, are tipped with purple at their summits 
P, P', and are separated by whitish light in some specimens, 
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and by Uukh light in othen. From P 
and P to O, the white or yellowirii light 
becomes more and more blue, and at O 
it is quite blue ; while fnnn P and P' to 
C and D it becomes more and more 

Jrellow, and at C and D it is quite yel^ 
ow, the yellow being almost equally 
bright in the plane A C B D, perpendic- 
ular to the prmcipal axis O. When the 
plane C D is perpendicular tathe plane 
of primitive polarization, the poles P, P' are marked with 
patches of white or yellowish light, but everywhere eke the 
light is a deep blue. 

When examined by common light, we find that the ordinary 
image is broumish yellow at C and D, and the extraordinaiy 
one faint blue; the former acquirmg some blue rays, and the 
latter some yellow ones from C to D, and from A to B where 
there is still a great difference in the color of the images. 
The yellow ima^e becomes fainter from A to P and P\ and 
from B to P and P', where it changes into blue, the feeble 
blue image being gradually reinforceid by other blue rays till 
the intensity of the two blue images is nearly equal. The 
feint blue image increases in intensity from C to P, and from 
D to P', and the yellow one acquires an accession of blue light, 
and becomes bluish white from P and P' to O ; the ordinary 
image is whitish, and the other a deep blue ; but the white- 
ness gradually diminishes towards O, where the two imagoes 
are almost equally blue. The following table will show that 
this property exists in many other crystSs : — 

Colors of the two Images in Crystals with two Axes. 



KukM of CryBtabk 



Topaz blue. 

green. 

greenish blue 

pink. 

pink yellow. 

yellow. 

Sulfdiate of baryta. 
yellowisn > 

purple. ) 

— — yellow. 
— — orange yellow 
Cyanite. 
Dichroite. 
Cymophane. 
Epidote olive green, 
whitish green 



MicB. 



White. 

White. 

Reddish grey. 

Pink. 

Pink. 

Yellowisb white. 

Lemon yellow. 

Lemon yellow. 
Gamboge yellow. 
White. 
Blue. 

Yellov\4sh white. 
Brown. 
Pink white. 
Reddish browiL 



PtaM or FoteriHtioa. 



Blue. 

Green. 

Blue. 

White. 

Yellow. 

Orange. 

Purple. 

YcUowirii white. 
Yellowish white. 
Blue. 

Yellowish white. 
Yellowish. 
Sap gieen. 
Yellowish white. 
Reddish white. 
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The following table shows the color d the images in cry** 
tals with two axes which have not been examined. 



ISmmotCryttalB. 


Axia of Prim In Flu* of 
Polirintioa. 




Mica. 


Blood red. 


Pkle greenish yeUow. 


Acetate of copper. 


Blue. 


Greenish yellow. 


Muriate of copper.* 




Blue. 


Olivme. 


Bluish green. 


Greenish yellow. 


Mtrate of copper. 


Yellow. 


BluiA. 


Bluish white. 


Blue. 


Chromate of lead. 


Orange. 


Blood red. 


Staorodde. 


Ktywnidi red. 


Yellowish white. 


Autfite. 

Anhydrite. 

Axinite. 


Bloodied. 
Briffhtpink. 
Reddish white. 


Bright green. 
lUe yellow. 
Yellowish white. 


Diallage. 


Brownish white. 


White. 


Sulphur. 


Yellow. 


Deeper yeUow. 


Sulphate of sHontia. 


Blue. 




cobalt 


Pink. 


Brick red. 


(MviDe. 


Brown. 





In the last nine crystals in the preceding table, the tints are 
not given in relation to any fixed line. 

The following list contains the colors of ' 
crystals, whose number of axes is not yet 



the two pencils, in 
known. 



Phosphate of iron. 
Adynolite. 
Ptecious opaL 
Serpentine. 

^I>e8t08. 

Blue carbonate of 



Irite (one axis.) 
Chloride of gold and ' 

sodium. 
and 



flimnonnun. 



potaaumn. 



and] 



Fine blue.f 

Green. 

Yellow. 

Dark^preen. 

Greenish. 

Violet blue. 

Whitish brown. 

Lenum yellow. ' 

Lemoa yellow. 

Lemon yellow. ^ 



Bluish white. 
Greenish white. 
Lighter yellow. 
Lighter green. 
Yellowish. 

Greenidi blue. 

Yellowish brown. 

Deep orange.*! || 

Deep orange. 



lU 



Deep orange. J m 



r 



(150.) By the application of heat to certain crystals, I have 
been able to produce a permanent difierence in the color of 
the two pencils formed by double reflection. This experiment 
may be made most easily on Brazilian topaz. In one of these 
topazes, in which one or the pencils was yellow and the other 
pmk, I found that a red heat acted more powerfully upon the 
extraordinary than upon the ordinary pencil, discharging the 
yellow color entirely from the one, and producing only a slight 

* The eolora are given in relation to the short diagonal of ito rhomboidal 
base. 
f When the axis of Uie prism is in the plane of polarisation. 
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chaage upoo the {nnk tint of the other. When the topaz wa« 
hot, it was perfectly colorless, and, durmg the process of cool- 
ing, it gradually acquired a pink tint, which could not he 
modified or renewed by the most intense heat In various 
topazes, the color of whose two pencils was exactly the same, 
heat discharges more of the color from one pencil than the 
other, fuid thus gives them the power of absorbing light in 
reference to the axes of double re&action. . 

QenertU Observations on Double Refraction. 

(151.) The various facts which have been explained m the 
pieceding chapters^ enable us to form very plausible o]MnionB 
respecting the origin and nature of the doubly refracting 
structure. The particles of bodies reduced to a state of 
fluidity by heat, and prevented by the same cause from com- 
bining into a solid body^ exhibit no doable refraction ; and, in 
like manner, the particles of crvstallized bodies, including 
metals when existi^ in a state of solution, exhilnt no double 
refraction. As soon, however, as coolit^ in the one case, and 
evaporation in the other, permits the particles to eoml»ne in 
virtue of their mutual aMnities, these particles have, subse^ 
quent to the action of the forces by wmch they combine, ao* 
quired the doubly refracting structure. This efiect may be 
accounted fer in two ways; either by supposing that the par- 
ticles have originally a doubly refinacting structure, or that 
they have no trace of such a structure. On the first of these 
suppositions, we must ascribe the disappearance of the double 
refraetioa in the fliud mass, and, in the solution, to the opposite 
action of the particles, which most have had an axis in eveij 
possible direction ; but as no double refraction is visible, it is 
more f^ilosophical to suppose that none exists in the particles. 
On tb^ second supposition^ then, that the particles have no 
doubly refracting structure, it is easily understood how it may 
be produced by the compression of any two particles brought 
together by attraction ; for each particle will have an axis of 
double refracticm in the direction of the line joining their 
centres, as if they had been compressed by an external force. 
By fbllowiog out this idea, which I have done elsewhere,* I 
have shown how the various phenomena may be explained by 
the different attractive forces of three rectangular axes, which 
may produce a single negative axjs, a single positive axis, oi 

* Phil. Transactions, 1839, or Edinburgh Journal t^ Scitnot^ tiew serkt 
?o!. vi. p. 328—337. 
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two axes, either both positive or both negative, or the od« 
poeitiye and the other negative. The innaence of heat, in 
chanji^g' the intensity of the two axes of sulphate of limOt 
and in removing one of the axes, or in creating a new one^ 
admits of an easy explanatkm on these principle& 



PART IIL 

ON THE APPLICATION OP OPTICAL PRINCIPLES TO THE 
EXPLANATION OP NATURAL PHENOMENA. 



CHAP. XXXI. 
ON UNUSUAL RKFRACriON. 

(152.) The atmo^here in which we live is a transparent 
mass of air possessing the property of refractinff liffht We 
learn from tne baiometer that its density gradually diminishes 
as we rise in the atmosphere, and, as we know from direct 
experiment that the refractive power of air increases with its 
density, it fellows, that the refractive power of the atmosphere 
is greatest at the earth's sur&ce, and gradually diminishes 
till the air becomes so rare as scarcely to be able to pro- 
duce any eSSsct upon light When a ray of light &lls ob- 
liquely upon a medium Uius varying in density, in place of 
being bent at once out of its direction, it will be gradually 
more and more bent during its passage through it, so as to 
move in a curve line, in ibe same manner as if the medium 
had consisted o£ an infinite number of strata of different re- 
fractive powers. In odrder to explain this, let E, Jig, 129., be 
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the earth, surrounded with an atmosphere A B C D, consisting 
of four concentric strata of different densities aiKl different 
refractive powers. The index of refraction for air at the 
earth^s surftce being 1*000,294, let as suppose that the inder 
of the otiier three strata is 1-000,200, 1-000,120, 1-000,050. 
Let B £ D be the horizon, and let a ray S n, proceeding from 
the sun under the horizon, fall on the outer stratum at n, 
whose index of refraction is 1-000,050. Drawing the per- 
pendicular E nia, find by the rule formerly given the angle 
of refraction. En a, corresponding to the an^ c£ incidence 
S n m. When the ray n a falls on the second stratum at a, 
whose index of refraction is 1-000,120, we may in like 
manner, by drawing a perpendicular £ a j>, find the re&acted 
ray a b. in the same way, the refracted rays b c and c d may 
be found. The same ray Bn will therefore have been re- 
fracted in a polygonal line nabcd, and as it reaches the eye 
in the direction c d, the sun will be seen in the direction d c o', 
elevated above the horizon, by the refraction of the atmosphere, 
when it is still below it In like manner it might be shown 
that the sun appears above the horizon by refraction, when he 
IS actually below it at sunset 

Although the rays of light move in straight lines in vacuo 
and in all media of uniform density, yet, on the surface of the 
globe, the rays proceeding from a distant object, must neces- 
sarily move in a curve line, because they must pass through 
portions of air of difierent densities and refractive powersL 
Hence it follows that, excepting in a vertical line, no object, 
whether it is a star or planet beyond our atmosphere, or is 
actually within it, is seen in its real place. 

Excepting in astronomical and trigonometrical observations, 
where the greatest accuracy is necessary, this refraction of the 
atmosphere does not occasion any inconvenience. But since 
the density of the air and its refractive power vary neatly 
when heated or cooled, great local heats or local colds will 
produce great changes of refractive power, and give rise to 
optical phenomena of a very interesting kind. Such phenom- 
ena have received the name of unusual refraction, and they 
are sometimes of such an extraordinary nature as to resemble 
more the effects of magic than the results of natural causes. 

(153.) The elevation of coasts, mountains, and ship^ when 
seen over the surface of the sea, has long been observed and 
known by the name of looming. Mr. Huddart described 
several cases of this kmd, but particularly the very interesting 
one of an inverted image of a ship seen beneath ttie real ship. 
Dr. Vince observed at Ramegate a ship, niiose topmasts only 
were seen above the horizon ; T)\it he at the same time ob- 
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served, in the field of the telescope through which he was 
lookiDg, two images of the complete ship in the air, hoth di- 
rectly above the ship, the uppermost of the two being erect, 
and the other inverted. He then directed his telescope to 
another ship whose hull was just in the horizon, and he ob- 
served a complete inverted image of it; the mainmast of 
Fig. 130. which just touched the mainmast of the 

ship itself The first of these two phe- 
nomena is shown in Jig, 190. in which A 
is the real ship, and JB^ C the images seen 
by unusual refinction. Upon looking at 
another ship. Dr. Vince saw inverted 
images of some of its puts which sud- 
denly appeared and vanished, ^ first ap- 
pearing,' says he, ^ below, and running 
up very rapidly, showing more or less of 
the masts at different times as they broke 
out, resembling in the swiftness of their 
breaking out the shooting of a beam of the 
aurora torealis." As the ship continued to 
descend, more of the image gradually ap- 
peared, till the imaffe of the whole ship 
was at last completed, with the mainmasts 
in contact When the ship descended still 
lower, the image receded firom the ship, but no second ima^ 
was seen. Dr. Vince observed another case, shown in J&. 
131., in which the sea was distincUy 
seen between the ships B, C. As the 
ship A came above the horizon, the image 
C gradually disappeared, and during this 
time the image B descended, but the ship 
did not seem so near the horizon as to 
bring the mainmasts together. The two 
images were visible when the whole ship 
was beneath the horizon. 

Captain Scoresby, when navigating 
the Greenland seas, observed severtd very 
interesting cases of unusual refraction. 
On the 28th of June, 1820, he saw from 
the mast-head eighteen sail of ships at 
the distance of al»ut twelve miles. One 
of them was drawn out, or lengthened, 
in a vertical direction ; another was con- 
tracted in the same direction ; one had an 
inverted image immediately above it: 
and other two had two distinct inverted 
T 




^.131. 
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images above them, accompanied with two images of the strata 
of ice. In 1822, Captain Scoresby recognized his fcther's 
ship, the Fame, by its inverted image in the air, (although the 
ship it St If was below the horizon. He afterwards found tliat 
tJie ship was seventeen miles beyond the horizon, and its dis- 
teince thirty miles, lu all these cases, the image was directly 
above the object ; but on the 17th of September, 1618, MM, 
J urine and Soret observed a case of unusual refraction, where 
the image was on one side of the object A bark about 4000 
toiscs distant was seen approaching Geneva by the left bank 
of the lake, and at the same moment there was seen above 
the water an image of the sails, which, in place of following 
the direction of the bark, receded from it, and seemed to ap- 
proach Cicneva by the right bank of the lake ; the image sail- 
mg from east to west, while the bark was sailing from north 
to fiSiHith. The image was of the same size as the object when 
it lir^t receded from the bark, but it grew less and less as it 
receded, and was only one-half that of the bark when the 
phenomenon ceased. 

While the French army was marching through the sandy 
deserts of Lower Eg}-pt, they saw various phenomena of un- 
usual retraction, to which they gave the name of mirage. 
When tlie surface of the sand was lieated by the sun, the 
land seemed to be terniinatetl at a certain distance by a general 
inundation. The villages situated upon eminences appeared 
to he so many islands in the middle of a great lake, and under 
eacli village lliere was an inverted image of it As the army 
approached the bouudary of the apparent inundation, the 
imaginary lake witlidrew, and the same illusion appeared 
round the next village. M. Monge, who has described these 
appearances in the Me moires sur VE/srypte, ascribes tliem to 
rertrxion from a reflecting surfiice, which he supposes to take 
place between two strata of air of diflferent densities. 

One of the most remarkable cases of mirage was observed 
by Dr. Vince. A spectator at Ramsgate sees the tops of the 
four turrets of Dover Castle over a hill between Ramsgate 
an-1 DovcT. Dr. Vince, however, on the fith of August, li'rOC, 
at seven p. m., saw the whole of Dover Castle^ as if it had 
been brought over and placed on the Ramsgate side of the hill. 
The image of it was so strong that the hill itself was not seen 
through the image. 

Tlie celebrated /fl/fl morgana, which is seen in the straits 
of Messina, and which for many centuries astonished the vul- 
ffar and perplexed philosophers, is obviously a phenomenon of 
this kind. A spectator on an eminence in the city of Reggio 
with his back to the sun and his face to the sea, and when th« 
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Fig. 132. 



rising sun shines from that point whence jta incident ray 
^nns an angle of about 45° on the sea of Reggio, sees \\\tan 
the water numberless series of pilasters, ardies, castles well 
delineated, regular columns, lofty towers, superb palaces with 
balconies and windows, villages and trees, plains with herds 
and flocks, armies of men on foot and on horseback, all passing 
rapidly in succession on the surface of the sea. These same 
objects are, in particular stJites of the atmosphere, seen in the 
air, though less vividly ; and when the air is hazy, they are 
seen on uie surface of the sea, vividly colored, or fringed with 
all the prismatic colons. 

(154.) That the phenomena above described are generally 
produced by refraction through strata of air of diflferent den- 
sities may be proved by various experiments. In order to 
illustrate this, Br. Wollaston poured into a square phial (Jig. 
1^.) a small quantity of clear syrwp^ and above this he poured 
an equal quantity of wulcVj which grad- 
ually combined with the synip, as seen at 
A. The word Stjrup upon a card held 
behind the bottle appeared erect when 
seen through the pure syrup, but inverted, 
as represented in the figure, when seen 
through the mixture of water and syrup. 
Dr. Wollaston then put nearly the same 
quantity of rectified spirit of wine a^ove 
the wdtrr, as in the same figure at B, and 
he saw the appearance there represented, 
the true place of the word Spirit^ and 
the inverted and erect images below. 
Analogous phenomena may be seen by 
looking at objects over the surface of a hot poker, or along 
the surface of a wall or painted board heated by the sun. 

The late Mr. H. Blackadder has described some phenomena 
both of vertical and lateral mirage as seen at King George's 
Bastion, Leith, which are very instructive. The extensive 
bulwark, of which this bastion forms the central part, is formed 
of huge Weeks of cut sandstone, and from this to the eastern 
end the phenomena are best seen. To the east of the tower 
the bulwark is extended in a straight line to the distance of 
600 feet It is eight feet high towards the land, with a foot- 
way about two feet broad, and three feet from the ground. 
The parapet is three feet wide at top, and is slightly inclined 
towards the sea. 

When the weather is favorable, the top of the parapet le- 
sembles a mirror, or rather a sheet of ice ; and if in this state 
another p^ixm stands or walks upon it, an observer at a little 
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distance will se^ an inverted image of the person under bim. 
If, while standing on the footway another person stands on it 
also, but at some distance, with his face turned towards the 
sea, his image will appear opposite to him, giving the appear- 
ance o^ two persons talking or saluting each other. If, again, 
when standing on the footway, and looKing in a direction from 
the tower, another person crosses the eastern extremity of the 
bulwark, passing through the water-gate, either to or from 
the sea, there is produced the appearance of two perscxia 
moving in opposite directions, constitutmg what has been 
termed a lateral mirage : first one is seen moving past, and 
then the other in an opposite direction, with some mterval be- 
tween them. In looking over the parapet, distant objects are 
seen variously modified ; the mountains (in Fife) being con- 
verted into immense bridges ; and on going to the eastward 
extremity of the bulwark, and directing the eye towards the 
tower, the latter appears curiously minified, part of it being 
as it were cut off and brought down, so as to form another 
small and elegant tower in the form of certain sepulchral 
monunients. At other times it bears an exact resemluance to 
an ancient altar, the fire of which seems to burn with great 
intensity.* 

(155.) In order to explain as clearly as possible how the 
erect and inverted image of a ship is produced as in fig. 131., 
let S P (Jiff. 133.) be a ship in the horizon, seen at £ by 




P 

means of rays S £, P E passing in straight lines through a 
track of air of uniform density lying between the ship and the 
eye. - If the^air is more rare at c than at a, which it may be 
from the coldnesis of tlie sea below a, its refractive power will 

♦ Edinburgh Journal qf Seienee, No. V. p. 13 
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be less at c than at a. In this case, rays S rf, P c, which, 
under ordinary circumstances, never could have reached the 
eye at E, will be bent into curve lines P c,Sd; and if the 
variation of density is such that the uppermost of these rays 
S d crosses the other at any point jc, then S d will be under- 
most, and will enter the eye E as if it came from the lower 
end of the object. If E jp, E », are tangent^ to these curves 
or rays, at the point where they enter the eye, the part S of 
the ship will be seen in the direction E *, and the part P in 
the direction E p ; that is, the image s p will be inverted. In 
like manner, other rays, S n, P w, may be bent into curves 
S n E, P 771 E, which do not cross one another, bo that the 
tangent E s' to the curve or ray S n will still be uppermost, 
and the tangent Ejj' undermost. Hence the observer at E 
will see an erect image of the ship at s' p' above the inverted 
image s p, aa'm Jig. 131. It is quite clear that the stale of 
the air may be such as to exhibit only one of these images, 
and that these appearances may be all seen when the real ship 
is beneath the horizon. 

In one of captain Scoresby's observations we have seen 
that the ship was drawn out, or magnified, in a vertical direc- 
tion, while another ship was contracted or diminished in the 
same direction. If a cause should exist, which is quite pos- 
sible, which elongated the ship horizontally at the same time 
that it elongated it vertically, the effect would be similar to 
that of a convex lens, and the ship would appear magnified, 
and might be recognized at a distance far beyond the limits of 
unassisted vision. This very case seems to have occurred. 
On the 26th July, 1798, at Hastings, at five p. m. Mr: Latham 
saw the French coast, which is about 40 or 50 miles distant, 
as distinctly as through the best glasses. The sailors and fij^h- 
ermen could not at first be persuaded of the reality of the ap- 
pearance; but as the cliffs gradually appeared more elevated, 
they were so convinced that they pointed out and named to Mr. 
Latham the different places which they had been accustonTod 
to visit : such as the bay, the windmill at Boulogne, St. Vallery, 
and other places on the coast of Picardy. AH these places 
appeared to them as if they were sailing at a small distance 
into the harbor. From the eastern cliff or hill, Mr. Latham 
saw at once Dungeness, Dover cliffs, and the French coast, all 
the way from Calais, Boulogne, on to St. Vallery, and, as some 
of the fishennen affirmed, as far as Dieppe. The day was ex- 
tremely hot, without a broath of wind, and objects at some 
distance appeareu greatly magnified. 

Thifi class of phenomena may be well illustrated, as I have 
T2 
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elsewhere* suggested, by holding a mass of heated iron above 
a considerable thickness of water, placed in a glass trough, 
with plates of parallel glass. By withdrawing the heated 
iron, &e ^pradation of density increasing downwards, will be 
accompanied by a decrease of density from the surface, and 
through such a medium the phenomena of the mirage may be 
seen. 

(156.) That some of the phenomena ascribed to unusual 
refraction are owing to unusual reflexion, arising from differ- 
ence of density, cannot, we think, admit of a doubt If an 
observer beyond the earth's atmosphere at S, Jig, 129., were 
to look at one composed of strata of different refractive powers 
as shown in the figure, it is obvious that the light of the sun 
would be reflected at its passage through the boundary of each 
stratum, and the same would happen if the variation of re- 
fractive power were perfectly gradual. Well described cases 
of this kind are wanting to enable us to state the laws of the 
phenomena; but the fi)llowing fact, as described by Dr. 
Buchan, is so distinct, as to leave no doubt respecting its ori- 
gin. " Walking on the cliflj" says he, " about a mile to the 
east of Brighton, on the morning of the 18th of November, 
1804, while watching the rising of the sun, I turned mv eyes 
directly towards the sea just as the solar disc emerged from 
the surface of the water, and saw the face of the cliff on 
which I was standing represented precisely opposite to me at 
some distance on the ocean. Calling the attention of my 
companion to this appearance, we soon also discovered our 
own figures standing on the summit of the opposite apparent 
cliff, as well as the representation of a windmill near at hand. 
The reflected images were most distinct precisely opposite to 
where we stood, and the false cliff seemed to fade away, and 
to draw near to the real one, in proportion as it receded 
towards the west. This phenomenon lasted about ten minutes, 
till the sun had risen nearly his own diameter above the sea. 
The whole then seemed to be elevated into the air, and suc- 
cessively disappeared, like the drawing up of a drop scene in 
a theatre. The surface of the sea was covered with a dense 
fog of many yards in height, and which gradually receded 
before the rays of the sun. The sun's light fell upon the cliff 
at an incidence of about 73° from the perpendicular." 

* £idinb»rgh Encyclapcedia^ art. Heat. 



CHAP. XXXU ON TBS RAINBOW. 

CHAP. XXXIL 

ON THE RAINBOW.'" 

(157.) The lainbow is, as every person knows, a lominoos 
arch extending across the region of the sky opposite to the 
sun. Under very favorable circumstances, two bows are seen, 
the inner and the outer, or the primary and the secondary, 
and within the primary rainbow, and in contact with it, and 
without the secondary one, there have been seen supernu- 
merary bows. 

The primary or inner rainbow, which is commonly seen 
alone, is part of a circle whose radius is 42°. It consists of 
seven differently colored bows, viz. violet, which is the inner- 
most, indigo, blue, green, yellow, orange, and red, which is 
the outermost These colors have the same proportional 
breadth as the spaces in the prismatic spectrum. Tins bow is, 
therefore, only an infinite number of prismatic spectra, ar- 
ranged in the circumference of a circle; and it would be easy, 
by a circular arrangement of prisms, or by coverinff up all the 
central part of a large lens, to produce a small arch of exactly 
the same colors. All that we require, therefore, to form a 
rainbow, is a great number of transparent bodies capable of 
forming a great number of prismatic spectra from the light of 
the sun. 

As the rainbow is never seen, unless when rain is actually 
falling between the spectator and the sky opposite to the sun, 
we are led to believe that the transparent bodies required are 
drops of rain which we know to be small spheres. If we look 
into a globe of glass or water held above the head, and oppo- 
site to the sun, we shall actually see a prismatic spectrum re- 
flected from the farther side of the globe. In this spectrum 
the violet rays will be innermost, and the spectrum vertical. 
If we hold the globe horizontal on a level with the eye, so as 
to see the sun's light reflected in a horizontal plane, we shall 
see a horizontal spectrum with the violet rays innermost In 
like manner, if we hold a globe in a position intermediate be- 
tween these two, so as to see the sun's light reflected in a 
plane inclined 45° to the horizon, we shall perceive a spec- 
trum inclined 45° to the horizon with the violet innennost 
Now, since in a shower of rain there are drops in all positions 
relative to the eye, the eye will receive spectra inclined at all 
angles to the horizon, so that when combined they will form 
the large circular spectrum which constitutes the rainbow. 

* In tbe College edition, see Appendix of Am.ed. chap. vii. 
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To explain this more clearly, let E, F,fig, 134., be drops of 
rain exposed to the san's rays, incident upon them in the 

Fig. 134. 




directions R E, R F ; out of the whole beam of light which 
falls upon the drop, those rays which pass tbroug^h or near the 
axis of the drop will be refracted to a focus behind it, but 
those which fall on the upper side of the drop will be refracted, 
the red rays least, and the violet most, and will fall upon the 
back of the drop with an obliquity such that many of them 
will be reflected, as shown in the ngure. lliese rays will be 
again refracted, and will meet the eye at O, which will per- 
ceive a spectrum or prismatic image of the sun, with the red 
space uppermost, and the violet undermost If the sun, the 
eye, and the drops £, F, are all in the same vertical plane, the 
spectrum produced by E, F will form the colors at the very 
summit of the bow as in the figure. Let us now suppose a 
drop to be near tlie horizon, so that the eye, the drop, and the 
sun, are in a plane inclined to the horizon ; a ray of the sun's 
light will be reflected in the same manner as at E, F, with 
this diflference only, that the plane of reflexion will be in- 
clined to the horizon, and will form part of the bow distant 
from the summit Hence, it is manifest, that the drops of rain 
above the line joining the eye and the upper part of the rain- 
bow, and in the plane passing through the eye and the sun, 
will form the upper part of the bow ; and the drops to the 
right and left hand of the observer, and without the line join- 
ing the eye and the lowest part of the bow, will form the 
lowest part of the bow on each hand. Kot a single drop, 
therefore, between the eye and the space within the bow is 
concerned in its production : so that, if a shower were to fall 
regularly from a cloud, the rainbow would appear before a 
single drop of rain had reached tiie ground. 

If we compute Uie inclination of the red ray and the violet 
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ray to the incident rays R E, R P, we shall find it to be 42^^ 2' 
for the red, and 40° 17' for the violet, so that the breadth of 
the rainbow will be the difference of those numbers, or 1° 45', 
or nearly three times and a half the sun's diameter. These 
results coincide so accurately with observation, as to leave no 
doubt that the primary rainbow is produced by two refractions 
and one intermediate reflexion of the rays that &11 on the 
upper sides of the drops of rain. 

It is obvious that the red and viclet rays will suffer a second 
reflexion at the points where they are represented as quitting 
the drop, but these reflected rays will go up into the sky, and 
cannot possibly reach the eye at O. But though this is the 
case with rays that enter the upper side of the drop as at E F, 
or the side farthest from the eye, yet those which enter it on 
the under side, or the side nearest the eye, may after two re- 
flexions reach the eye, as shown in the drops H, G, where the 
rays R, R enter the drops below. The red and violet rajns 
will be refracted in different directions, and after being twice 
reflected will be finally refracted to the eye at O ; the violet 
forming the upper part, the red the under part of the spectrum. 
If we now compute the inclination of these rays to the inci- 
dent rays R, R, we shall find them to be 50° 57' for the red 
nLjj and 54° T £ar the violet ray ; the difference of which or 
3° lO' will be the breadth of the bow, and the distance be- 
tween the bows will be 8° 55'.* Hence it is clear that a 
secondary bow will be formed exterior to the primary bow, 
and with its colors reversed, in consequence of their being 
produced by two reflexions and two refractiona The breadth 
of the secondary bow is nearly twice as great as that of the 
primary one, and its colors must be much fainter, because it 
consists of light that has suffered two reflexions in place of one. 

(158.) Sir Isaac Newton found the semi-diameter of the in- 
terior bow to be 42°, its breadth 2° 10', and its distance from 
the outer bow 8° 30'; numbers which agree so well with the 
calculated results as to leave no doubt of the truth of the ex- 
planation which has been given. But if any farther evidence 
were wanted, it may be found in the fact, which I observed in 
1812, that the light of both the rainbows is wholly polarized 
in planes passing through the eye and the radii of the arch. 
This result demonstrates that the bows are formed by reflexion 
at or near the polarizing angle, from the surface of a trans- 
parent body. The production of artificial rainbows by the 
spray of a waterfall, or by a shower of drops scattered by a 
mop, or forced out of a syringe, is another proof of the pre» 

* No correction for the lun'a apparent diameter, in here made. 



226 A TBJKATISfi ON OmCS. PAST III. 

ceding explanation. Lunar rainbows are sometimes seen, but 
the colors are faint, and scarcely perceptible. In 1814, 1 saw, 
at Berne, a fog-bow, which resembled a nebulous arch, in 
which the colors were invisible. 

(159.) On the 5th of July, 1828, 1 observed three supernu- 
merary bows within the primary bow, each consisting of 
green and red arches, and in contact with the inolet arch of 
the primary bow. On the outside of the outer or secondary 
bow I saw distinctly a red arch, and beyond it a very &int 
green one, constituting a supernumerary bow, analogous to 
those within the primary rainbow. 

Dr. Halley has shown that the rainbow fi)rmed by three re- 
flexions within the drops will encircle the sun itself, at the 
distance of 40^ 20', ana that the rainbow formed by Jfbur re- 
flexions will likewise encircle him at the distance of 45° 33'. 
The rainbows formed by Jive reflexions will be partly covered 
by the secondary bow. The light which forms these three 
bows is obviously too faint to make any impression on our 
organs, and these rainbows have therefore never been observed. 

Many peculiar rainbows have been seen and described. On 
the 10th August, 1665, a faint rainbow was seen at Chartres^ 
crossing the primary rainbow at its vertex. It was formed by 
reflexion from the river. 

On the 6th August, 1698, Dr. Halley, when walking on the 
walls of Chester, observed a remarkable rainbow, shown in 
fig. 135., where A B C is the primary bow, D H E the second- 
ary one, and A F H G C the new bow intersecting the second- 
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ary bow D H B, and dividing it nearly into three parts. Dr. 
Halley observed the points F, G to rise, and the arch FG 
gradually to contract, till at length the two arches F H G and 
F G coincided, so that the secondary iris for a great space lost 
its colors, and appeared like a white arch at the top. The new 
how, A H C, had its colors in the isarae order as the primary 
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one ABC, and consequently the reverse of the secondary 
bow ; and on this account the two opposite spectra at G and F 
counteracted each other, and produced whiteness. The sun 
at this time shone on the river Dee, which was unruffled, and 
Dr. Halley found that the bow A H C was only that part of 
the circle of the primary bow that would have been under the 
castle bent Upwards by reflexion from the river. A third 
rainbow seen between the two common ones, and not con- 
centric with them, is described in Rozier*s Journal, and is 
doubtless the same phenomenon as that observed by Dr. Halley. 
ked rainbows, distorted rainbows, tind inverted rainbows on 
the grass, have been seen. The latter are formed by the drops 
of rain suspended on the spiders* webs in the fields. 



CHAP. xxxm. 

ON HALOS, CORON^ PARHELIA, AND PARASELENiB. 

C160.) When the sun and moon are seen in a clear sky, 
they exhibit their luminous discs without any change of color, 
and without any attendant phenomena. In other conditions 
of the atmosphere, the two luminaries not only experience a 
change of color, but are surrounded with a variety of luminous 
circles of various sizes and forms. "When the air is charged 
with diy exhalations, the sun is sometimes as red as blood. 
When se6n tlirough watery vapors, he is shorn of his beams, 
but preserves his disc white and colorless ; while, in another 
stxite of the sky, I have seen the sun of the most brilliant 
salmon color. When light fleecy clouds pass over the sun and 
moon, they are often encircled with one, ttoOj three, or even 
more, colored rings, like those of thin plates; and in cold 
weather, when particles of ice are floating in the higher re- 
gions, the two luminaries are frequently surrounded with the 
most complicated phenomena, consisting of concentric circles, 
circles passing through their discs, segments of circles, and 
mock suns or moons, formed at the points where these circles 
intersect each other. 

The name halo is given indiscriminately to these phenom- 
ena, whether they are seen round the sun or the moon. They 
are called parhelia when seen round the sun, and paraseleiuB 
Vfhen seen round the moon. 

The small halos seen round the sun and moon in fine wea- 
ther, when they are partially covered with light fleecy clouds, 
have been also called cororuB. They are very common round 
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the BUD, thoag^h, from the overpowering brightness of his rays, 
they are best seen when he is observed by reflexion from the 
surface of still water. In June, 1692, Sir Isaac Newton ob- 
served, by reflexion in a vessel of standing water, three rings 
of color round the sun, like three little rainbows. The colors 
of the first or innermost were blue next the sun, red without, 
and white in the middle between the bltie and red. The colors 
of the second ring were purple and blue within, and pale red 
without, and green in the middle. The colors of die third 
ring were pale blue within and pale red without The colors 
and diameters of the rings are more particularly given as fol- 
lows : — 

let Ring - Blue, white, red . Diameter, 5^ to 6^. 

3d Ring . Pale blue, pale red • Diameter, 12P. 

On the 19th February, 1664, Sir Isaac Newtcxi saw a kalo 
round the moon, of two rings, as follows : — 

1st Ring . White, Uuish green, yellow, red - Diameter, 3^ 
9d Ring - Blue, green, red Diameter, 5^° 

Sir Isaac considers these rings as formed by the light pass- 
ing through very small drops of water, in the same manner as 
the colors of thick plates. On the suppositioa that the glob- 
ules of water are the 500th of an inch in diameter, he finds 
that the diameters of the rings should be as follows : — 

Itt Red ring Diameter, 7|° 

2d Red ring Diameter, 10^ 

3d Red ring Diameter, 12° 33' 

The rings will increase in size as the globules become less, 
and diminish if the globules become larger. 

The halos round the sun and moon, which have excited 
most notice, are those which are about 47° and 94° in diame- 
ter. In order to form a correct idea of them, we shall give 
accurate descriptions of two ; one a parhelion, and the other a 
paraselene. 

The fi>llowing is the original account of a parhelion, seen 
by Scheiner in 1630: — 

(161.) " The diameter of the circle M Q N next to the sun, 
was about 45°, and that of the circle O R P was about 95° 20' ; 
they were colored like the primary rainbow ; but the red was 
next the sun, and the other colors in the usual order. The 
breadths of all the arches were equal to one another, and 
about a third part less than the diameter of the sun, as repre- 
sented in fig. 136. : though I cannot say but the whitish circle 
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O 6 P, parallel to the horizon, was rather broader than the 
rest The two parhelia M, N were lively enough, but the 

Fig, 136. 




other two at O and P were not so brisk. M and N had a pur- 
ple redness next the sun, and were white in the opposite parts. 
O and P were all over white. They all differed in their du- 
rations ; for P, which shone but seldom and but faintly, van- 
ished first of all, being covered by a collection of pretty thick 
cloads. The parhelion O continued constant for a ^eat while, 
though it was but faint The two lateral parhelia M, N were 
seen constantly for three hours together. M was in a lan- 
guishing state, and died first, afler several struggles, but N 
continued an hour after it at least. Though I did not see the 
last end of it, yet I was sure it was the only one that accom- 
panied the true sun for a long time, havmg escaped thoee 
clouds and vapors which extinguished the rest However, it 
vanished at last, upon the fall of some small showers. This 
phenomenon was observed to last 4J hours at least, and since 
it appeared in perfection when I first saw it, I am persuaded 
its whole duration might be above five hours. 

" The parhelia Q, R were situated in a vertical plane pass- 
ing through the eye at F, and the sun at G, in which verticri 
the arches H R C, O R P either crossed or touched one an- 
other. These parhelia were sometimes brighter, sometimes 
fainter than the rest, but were not so perfect in their shapo 
and whitish color. They varied their magnitude and color ac 
cording to the different temperature of the sun's light at G, 
and the mattor that received it at Q and R ; and therefore 
U 
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their light and color were almost always fluctuatitig, and co[>- 
tiiiued, as it were, in a perpetual conflict I look particular 
ni'tice that they appeared almost the first and last of the par- 
helia, excepting that of N. 

** The arches which composed the small halo M N next to 
the sun, seemed to the eye to compose a single circumferpnce, 
but it was confused, and had unequal breadths ; nor did it con- 
stantly, continue like itself, but was perpetually fluctuating. 
But in reality it consisted of the arches expressed in the 
figure, as I accurately observed for this very purpose.* These 
arches cut each other in a point at Q, and there they formed a 
parhelion ; the parhelia M, N shining from the common inter 
sections of the inner halo, and the whitish circle O N M P." 

(162.) Hevelius observed at Dantzic, on the 30th of March, 
1660, at one A. M., the paraselene shown in fig, 137. The 
moon A was seen surrounded by an entire whitish circle 

Fig. 137. 




B C D E, in which there were two mock moons at B and D ; 
one at each side of the moon, consisting of various colors, and 
shooting out very lon§ and whitish beams by fits. At about 
two o'clock a larger circle surrounded the lesser, and reached 
to the horizon. The tops of both these circles were touched 
by colored arches, like inverted rainbows. The inferior arch 
at C was a portion of a large circle, and the superior at F a 
portion of a lesser. This phenomenon lasted nearly three hours. 
The outward great circle vanished first Then the larger in- 
verted arch at C, and then the lesser; and last of all the inner 

* The four intersecting circles which form this inner halo are deiicribtid 
from four centres, one at each angle of a Bmall square. 
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circle B C D E disappeared. The diameter of this inner circle, 
and also of the superior arch, was 45°, and that of the exterior 
circle and inferior arch was 90^. 

On another occasion Hevelius observed a large white rec- 
tan^lar cross passing through the disc of the moon, the moon 
being in the intersection of the cross, and encircled with a 
halo exactly like the inner one in the preceding figure. 

(ia3.) The frequent occurrence of the halos of 47° and 94^ 
in cold weather, and especially in the northern regions of the 
globe, led to the belief that they must be formed by crystals 
of ice and snow floating in the air. Descartes supposed that 
they were produced by refraction, through flat stars of pellucid 
ice ; and Huygene, who investigated the subject both experi- 
mentally and theoretically, has published an elaborate theory 
of halos, in which he assumes the existence of particles of 
hail, some of which are globular and others cylindrical, with 
an opaque nucleus or kernel having a certain proportion to the 
whole. He supposes these cylinders to be kept in a vertical 
position, by ascending currents of air or vapor, and to have 
their axes at all possible inclinations to the horizon, when they 
are dispersed by the wind or any other causes. He considers 
these cylinders to have been at first a globular collection of 
the softest and purest particles of snow, to the bottom of which 
other particles adhere, the ascending currents preventing 
them from adhering to the sides ; they will, thereto, assume 
a cylindrical shape. Huygens then supposes that the oute* 
part of the cylinders may be melted by the heat of the sun, a 
small cylinder remaining nnmelted in the centre, and that if 
the melted part is again frozen, it may have sufficient trane- 
parency to refract and reflect the rays of the sun in a regular 
manner. By means of this apparatus, the existence of which 
is not impossible, Huygens has given a beautiful solution of 
almost all the difficulties which have been encountered in ex- 
plaining the origin of halos. * 

Sir Isaac Newton regarded the halo of 45° as produced by 
a diflferent cause from the small prismatic coronaB ; and he was 
of opinion that it arose from refraction ** from some sort o£ 
hail or snow floating in the air in a horizontal posture, the re- 
fracting angle being about 58° or 60°." 

When we consider, however, the great variety of crjrstal- 
line forms which water assumes in freezing ; that these crys- 
tals really exist in a transparent state in the atmosphere, in 
the form of crystals of ice, which actually prick the skin like 
needles ; and that simple and compound crystals of snow, of 
every conceivable variety of shape, are oflen falling through 
the atmosphere, and sometimes melting in passing through its 
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lower and warmer strata, we do not require any hypothetical 
cylinders to account for the principal phenomena of halos. - 

Mariotte, Young, Cavendish, and others, have agreed in 
ascribing the halo of 45° or 46° in diameter, to refraction 
through prisms of ice, with refracting angles of 60° floating 
in the air, and having their refracting angles in all directions. 
The crystals of hoar-firost have actually such angles, and if we 
compute the deviation of the refracted rays of the sun or moon 
incident upon such a prism, with the index of refraction for 
ice, taken at 1*31, we shall find it to be 21° 50', the double 
of which is 43° 40\ In order to explain the larger halo. Dr. 
Young supposes that the teys which have been once refracted 
by the prism may fall on other prisms, and the effect then be 
doubled by a second refraction, so as to produce a deviation 
of 90°. This, however, is by no means probable, and Dr. 
Young has candidly acknowledged the " great apparent prob- 
ability" of Mr. Cavendish's suggestion, that the external halo 
may be produced by the refraction of the rectangular termi- 
nations of the crystals. With an index of refraction of 1'31, 
this would give a deviation of 45° 44', or a diameter of 91° 
28', and the mean of several accurate measures is 91° 40', a 
very remarkable coincidence. 

The existence of prisms with such rectangular terminations 
is still hypothetical ; but I have removed the difficulty on this 
point, by. observing in the boar-frost upon stones, leaves, and 
wood, regular queulrangular crystals of ice, both simple and 
compound. 

Although halos are generally represented as circles, with 
the sun or moon in their centres, yet their apparent form is 
commonly an irregular oval, wider below than above, tlie sun 
being nearer their upper than their lower extremity. Dr. 
Smith has shown that this is an optical deception, arising from 
the apparent figure of the sky, and he estimates that when 
the circle touches the horizon, its apparent vertical diameter 
is divided by the moon, in the proportion of about 2 to 3 or 4 ; 
and is to the horizontal diameter drawn Uirough the moon as 4 
to 3, nearly. 

With the view of ascertaining if any of the halos are form- 
ed by reflexion, I have examined them with doubly refracting 
prisms, and have found that the light which forms them has 
not suffered reflexion. 

The production of halos may be illustrated experimentally 
by crystallizing various salts upon plates of glass, and looking 
through the plates at the sun or a candle. When the crystals 
are granular and properly formed, they will produce the finest 
effects. A few drops of a saturated solution of alum, for ex- 
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ample, spread over a plate of glass so as to crystallize quickly, 
will cover it with an imperfect crust, consislinpf of flat octo- 
hedral crystals, scarcely visible to the eye. When the ob- 
server, with his eye placed close behind the smooth side of the 
glass plate, looks through it at a luminous body, he will per- 
ceive three fine lialos at different distances, encircling the 
source of light The interior halo, which is the whitest of 
the three, is formed by the refraction of the rays through a 
pair of faces in the crystals tliat are least inclined to each 
other. The second halo, which is blue without and red within, 
with all the prismatic colors, is formed by a pair of more in- 
clined faces; and the third halo, which is large and brilliantly 
colored, from the increased refraction and dispersion, is formed 
by the most inclined faces. As each crystal of alum has three 
pairs of each of these included prisms, and as these refracting 
faces will have every possible direction to the horizon, it is 
easy to understand how the iialos are completed and equally 
luminous throughout. When the crystals have the property 
of double refraction, and when their axis is perpendicular to 
the plates, more beautiful combinations will be produced. 

(164.) Among the luminous phenomena of the atmosphere, 
we may here notice that of converging and diverging solar 
beams. The phenomenon of divcrpring beams, represented in 
fig. 138., is of frequent occurrence in summer, and when the 
sun is near the horizon ; and arises from a portion of the sun^s 
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rays passing through openings in the clouds, while the adjacent 

portions are obstnicted by the clouds. The phenoinenon of 

converging beams, which is of much rarer occurrence, is 
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shown in fig, 199., where the rays converge to a point A, as 
far below the horizon M N as the sun is above it This phe- 
nomenon is always seen opposite to the sun, and generally^ at 




the same time with the phenomenon of diverging beams, as if 
another sun, diametrically opposite to the real one, were below 
the horizon at A, and throwing out his divergent beams. In a 
phenomenon of this kind which I saw in 1824, the eastern 
portion of the horizon where it appeared was occupied with a 
black cloud, which seems to be necessary as a ground, for 
rendering visible such feeble radiations. A few mmutes after 
the phenomenon was first seen, the converging lines were 
black, or very dark; an effect which seems to have arisen 
from the luminous beams having become broad and of unequal 
intensity, so that the eye took up, as it were, the dark spaces 
^jetween the beams more readily than the luminous beams 
themselves. 

This phenomenon is entirely one of perspective. Let us 
suppose beams inclined to one another like the meridians of a 
globe to diverge from the sun, as these meridians diverge from 
the north pole of the globe, and let us suppose that planes 
pass through all these meridians, and through the line joining 
the observer and the sun, or their common intersection. An 
eye, therefore, placed in that line, or in the common intersec- 
tion of all the fifteen planes, will see the fifteen beams con- 
verging to a point opposite the sun, just as an eye in the axis 
of a globe would see all the fifteen meridians of the globe 
converge to its south pole. If we suppose the axis of a globe 
or of an armillary sphere to be directed to the centres of the 
diverging and converging beams, and a plane to pass through 
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the globe parallel to the horizon, it would cat off the meri- 
dians so as to exhibit the {»ecise appearances in fig. 138. and 
fig. 139. ; with this di^rence onl^, that there would be fifteen 
bouns in the diverging system m the place of the nomb^ 
shown in fig. 139. 



CHAP. XXXIV. 

ON THE COLORS OF NATURAL BODIES. 

(165.) There is no branch of the application of optical 
science which possesses a greater interest than that which 
proposes to determine the cause of the colors of natural bodies. 
Sir Isaac Newton was the first who entered into an elaborate 
investigation of this difficult subject ; but though his specula- 
tions are marked with the peculuur genius of their author, yet 
they will not stand a rigorous ezammation under the lights of 
modern science. 

That the colors of material nature are not the result of any 
quality inherent in the colored body has been incontrovertibly 
proved by Sir Isaac. He found that all bodies, of whatever 
color, exhibit that color only when they are placed in white 
light In h(»nogeneous red light they appeared re<2, in violet 
light violet, and so on ; their colors bemg always best displayed 
when placed in their own daylight colors. A red wafer, for 
example, appears red in the white lig^t of day, because it re- 
flects red light more copiously than any of the other colors. 
If we place a red wafer in yeUow light, it can no longer ap- 
pear red, because there is not a particle of red light in the 
yellow light which it could reflect. It reflects, however, a 
portion df yellow light, because there is some yellow in the 
red which it does reflect If the red wafer had reflected no- 
thing but pure homogeneous red light and not reflected white 
light from its outer surface, which all colored bodies do, it 
would in that case have appeared absolutely black when 
placed in yellow light The colors, therefore, of bodies arise 
from their property of reflecting or transmitting to the eye 
certain rays of white light, while they stifle or stop the re- 
maining rays. To this point the Newtonian theory is support- 
ed by mfallible experiments; but the principal part of the 
theory, which has for its object to determine the manner in 
wWch particular rays are stopped, while others are reflected 
or transmitted, is not so well founded. 
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Ab Sir Inae has stated the praicipleB of his theory whh the 
greatest clearness, we shall give them in his own words. 

''Ist, Those superficies of transparent bodies reflect the 
greatest quantity of light which have the greatest refracting 
power; that is, which separate media that di&r^most in their 
refracting power. And in the confines of equally refracting 
media there is no reflexion. 

" 2d, The least parts of almost all natural bodies are in 
some measure transparent ; and the opacity of these bodies 
arises from the multitude of reflexions caused in their internal 
parts. 

**Sdj Between the parts of opaque and colored bodies are 
many spaces, either empty, or replenished with mediums of 
other densities; as water between the tinging corpuscles 
wherewith any liquor is impregnated; air between the 
aqueous globules that constitute clouds or mists ; and for the 
most part spaces^ void of both air and water, but yet perhaps 
^not wholly void of all substance, between the parts of all 
bodies. 

" 4th, The parts of bodies and their interstices must not be 
less than of some definite bigness, to render them opaque and 
colored. 

"Sth, The transparent parts of bodies, according to their 
several sizes, reflect rays of one color, and transmit those of 
another, on the same grounds that thin plates or bubbles do 
reflect or transmit these rays; and this I take to be the ground 
of all their colors." 

•* 6th, The parts of bodies on which their colors depend are 
denser than the medium which pervades their intersticea 

•«7th. The bigness of the component parts of natural bodies 
may be conjectured by their colors." 

Upon these principles Sir Isaac has endeavored to explain 
the phenomena of transparency, black and white opacity, and 
color. He regards the transparency of water, salt, glass, 
stones, and such like substances, as arising from the smallness 
of their particles, and the intervals between them ; for though 
he considers them to be as full of pores or intervals between 
the particles as other bodies are, yet he reckons the particles 
and their intervals to be too small to cause reflexion at their 
common surfaces. Hence it follows, from the table in page 
93, that the particles of air and their intervals cannot exceed 
the half of a millionth pert of an inch ; the particles of water 
the ^th of a millionth, and those of glass the ^d of a millionth; 
because at these thicknesses the light reflected is nothing, or . 
the very black of the first order. The opacity of bodies, such 
as that of white paper, linen, &c., is ascribed by Newton to a 
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gretiteT size of the particles and their intervals, viz. such a 
size as to reflect the white, which is a mixture of tiie colors 
of the difierent orders. Hence in air they must exceed 77 
millionths of an inch, ui water 57 millionths, and in glass 50 
millionths. 

In like manner all the different colors in Newton*s tahle 
are supposed to be produced when the particles and their in- 
tervals have an intermediate size between that which pro- 
duces transparency and that which produces white opacity. 
If a film of mtca, for example, of an uniform blue color, is cut 
into the smallest pieces oi the same tliickness, every piece 
will keep its color, and a heap of such pieces will constitute a 
mass of the same color. 

So far the Newtonian theory is plausible ; but in attempting 
to explain black opacity, such as that of coid and other bodies 
absolutely impervious to light, it seems to fail entirely. To 
produce blackness^ ^ the particles must be less than any of 
those which exhibit color. For at all greater sizes there is too 
much light reflected to constitute this color ; but if they be 
supposed a little less than is requisite to reflect the white and 
very faint blue of the first order, they will reflect so very little 
light as to appear intensely black." That such bodies will be 
black when seen by reflexion is evident ; but what becomes 
of all the transmitted light ? This question seems to have 
perplexed Sir Isaac. The answer to it is, ** it may perhaps 
be variously refracted to and fro within the body, until it 
happens to be stifled and lost ; by which means it will appear 
intensely black." 

In this theory, therefore, transparency and blackness are 
supposed to be produced by the very same constitution of the 
body ; and a refraction to and fro is assumed to extinguish 
the transmitted light in the one case, while in the other such 
a refraction is entirely excluded. 

In the production of colors of every kind, it is assumed 
that the complementary color, or generally one half of the 
light, is lost by repeated reflexion& Now, as reflexion only 
changes the direction of light, we should expect that the light 
thus scattered would show itself in some form or other ; but 
though many accurate experiments have been made to discover 
it, it has never yet been seen. 

For these and other reasons,*! which it would be out of 
place here to enumerate, I consider the Newtonian theory of 

* See a more detailed examinatioa of the theory in my Life of Sir Isaac 
Newton. 

t For an account of Sir David Brewster's ontline of a new theory of too 
^lors of natural bodies, see Note VII. of Am. ed. 
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colors as applicable only to a small class of phenomena, while 
it leaves unexplained the colors of fluids and transparent 
solids, and all the beautiful hues of the vegetable kin^om. In 
numerous experiments on the colors of leaves, and on the 
juices expressed &om them, I have never been able to see the 
complementary color which disappears, and I have almost in- 
variably foond that tiie transmitted and the reflected tint is 
the same. Whenever there was an appearance of two tints, 
I have found it to arise from there bemg two diflerently color- 
ed juices existing in diffferent sides of the leaf The New- 
tonian theory is, we doubt not, applicable to the colors of the 
wings of insects, the feathers of birds, the scales of flshes, the 
oxidated films on metal and glass, and certain opalescences. 

The colors of vegetable life and those of various kinds of 
solids arise, we are persuaded, from a specific attraction which 
the particles of these bodies exercise over the diferently col- 
ored rays of light It is by the light of the sun that the colored 
juices of plants are elaborated, that the colors of bodies are 
changed, and that many chemical combinations and decompo- 
sitions are efi^ected. It is not easy to allow that such effects 
can be produced by the mere vibration of an ethereaj medium ; 
and we are forced, by this class of facts, to reason as if light 
^vas material. When a portion of light enters a body, and is 
never again seen, we are entitled to say that it is detained by 
some power exerted over the light by the particles of the body. 
That it is attracted by the particles seems extremely probable, 
and .that it enters into combination with them, and produces 
various chemical and physical efiects, cannot well be doubted ; 
and without knowing the manner in which this combination 
takes place, we majr say that the light is absorbed, which is 
an accurate expression of the fact 

Now, in the case of water, glass, and other transparent 
bodies, the light which enters then* substance has a certain 
small portion of its particles absorbed, and the greater part of 
it which escapes from absorption, and is transmitted, comes 
out colorless, because the particles have absorbed a propor- 
tional quantity of all the different rays which compose white 
light, or, what is the same thing, the body has absorbed white 
light 

In all colored solids and fluids in which the transmitted 
light has a specific color, the particles of the body have ab- 
sorbed all the rays which constitute the complementary color, 
detaining sometimes all the ravs of a certain definite refran- 
gibility, a portion of the rays of other refrangibilities, and al- 
lowing other rays to escape entirely from ateorption ; all the 
rays thus stopped will form by their union a particular eom- 



CHAP. XXXIV. COLOAft OF KATUBAIi BODIES. 239 

pound color, which will be exactly complementary to the color 
of the tFBHsmitted rays. 

In black bodies, such as coaly &c., all the rays which enter 
their substance are absorbed ; and hence we see the reason 
why such bodies are more easily heated and inflamed by the 
action of the luminous rays. The influence exercised by heat 
and cooling upon the absorptive power of bodies furnishes an 
additional support to the preceding views. 

(166.) Beft)re concludmg this chapter, we may mention a 
few curious facts relative to white opacity, black opacity, and 
color, as exhibited by some peculiar substEinces. 

1st, Tabasheer, whose refractive power is 1*111, between 
air and water, is a silicious concretion found in the joints of 
the bamboo. The finest varieties reflect a delicate azure 
color, and transmit a straw-yellow tint, which is complement- 
ary to the azure. When it is slightly wetted witn a wet 
needle or pin, the wet spot instantly becomes milk white and 
opaque. The application of a greater quantity of water re- 
stores its transparency. 

2dly, The cameleon mineral is a solid substance made by 

heating the pure oxide of manganese with potash. When it is 

dissolved in a little warm water, the solution changes its color 

from green to blue and purple, the last descending in the order 

^of the rings, as if the particles became smaller. 

3dly, A mixture of oil of sweet almonds with soap and sul- 
phuric acid is, according to M. Claubry, first yellow, then 
orange, red, and violet. In passing from the orange to the 
red, the mixture appears almost black. 

4thly, If, in place of oil of almonds, in the preceding ex- 
periment, we employ the oily liquid obtained from alcohol 
heated with chlorine, the colors of the mixture will be pale 
yellow, orange, black, red, violet, and beautiful blue, 

5thly, THncture of turnsole, after having been a consider- 
able time shut up in a bottle, has an orange color ; but when 
the bottle is opened and the fluid shaken, it becomes in a few 
minutes red, and then violet-blue. 

6thly, A solution of Juematine ui water containing some 
drops of acetic acid is a greenish yellow. When introduced 
into a tube containing njercury, and heated by surrounding it 
with a hot iron, it assumes the various colors of yellow, 
orange, red, dJoA. purple, and returns gradually to its primitive 
tint. 

7thly, Several of the metallic oxides exhibit a temporary 
change of color by heat, and resume their original color hy 
cooling. M. Chevreul observed, that when indigo, spread 
upon pupcr, is volatilized, its color passes into a very brilliant 
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poppy-red. The yellow phosphate of lead grows green when 
hot. 

8thly, One of the most remarkable facts, however, is that 
discovered by M. Thenard. He found that phosphorus, purified 
by repeated distillations, though naturally of a whitish yellow 
color when allowed to cool slowly, becomes absolutely black 
when thrown melted into cold water. Upon touching some 
little globules tliat still remained yellow and liquid when he 
was repeating this experiment, M. Biot found that they in- 
stantly became solid and black. 



CHAP. XXXV. 

ON THE EYE AND VISION. 

An account of the structure and functions o^ the human 
eye, that masterpiece of divine mechanism, forms an interest- 
ing branch of applied optics. This noble organ, by means of 
which we acquire so large a portion of our knowledge of the 
material universe, is represented in Jigs. 140. and 141., the 
former being a front and external view of it, and the latter a 
section of it through all its humors. 

The human eye is of a spherical form, with a slight pro- 
jection in front The eyeball or globe of the eye consists of 
four coats or membranes, which have received the names of 
the sclerotic coat, the choroid coat, the cornea, and the retina; 
and these coats inclose three humors, — ^tbe aqueous humor, 
the vitreous humor, and tlie crystalline humor, the last of 
which has the form of a lens. The sclerotic coat, aaaa, or 
the outermost, is a strong and tou^h membrane, to which are 
attached all the muscles which give motion to the eyeball, 

Fig. 140. 
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and it conatitates the white cf the eje, a a, jif, l€b. The 
cornea^ 6 6, is the clear and transparent coat which fbrms the 




front of the eyeball, and is the first c^tical surface at which 
the rays of light are refracted. It is firmly united to the 
9derotic coat, filling up, as it were, a circolar apertare in its 
front The contra is an exceedingly toug^ membrane, of 
equal thickness throughout, and composed of several firmly 
adhering layers, capable of opposing great resistance to ex- 
ternal injury. The choroid coat is a delicate membrane lining 
the inner suHace of the sclerotic, and covered on its inner 
surfiuse with a black pigment Immediately within this ]Mg« 
ment, and close to it, lies the retinOj rrr, which is the inner- 
most coat of alL It is a delicate reticulated membrane, formed 
by the expansion of the optic nerve, O O, which enters the eye 
at a point about ^ of an inch from the axis oa the side next 
the nose. At the extremity of the axis of the eye, in a line 
pacing through the centre of the cornea^ and perpendicular 
Co its surfiu^e, there is a small hole with a yellow margin, 
called the foramen cerUnde, which, notwithstanding its name, 
is not a real opening, but only a transparent spot, firee from 
the soft pulpy matter of which the retina is composed. 

In looking through the cornea from without, we perceive a 
fltf. circular membrane, ef, fig. 141., or within, b b, fig, 140., 
which is grey, blue, or black, and divides the anterior of the 
eye into two very unequal parts. In the centre of it there is 
a circular opening, d, called the pupil, which widens or ex- 
pands when a smtdl portion of liffht enters the eye, and closes 
or contracts when a great quantity of light enters. The two 
parts into which the iris divides the eye are called the ^interior 
and the potterior chambers. The anterior chamber, which is 
anterior to the iris, c/, contiuns the aqueous humor; a,nd ther 
posterior chamber, which is posterior to the iris, cotitams thef 
crystaUine and vitreotis humors, the last of which fills a great 
pcHtion of the eyeball. 
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The crystalline lens, c c,Jig. 141., is a more solid substance 
than eitlier tlie aqueous or the vitreous humor. It is suspended 
in a transparent bag or capsule by the ciliary processes, g g^ 
which are attached to every part of the margin or circumfer- 
ence of the capsule. This lens is more convex behind than 
before ; the radius of its anterior surface being 0'30 of an inch, 
and that of its posterior surface 0*22 of an inch. The lens 
increases in density from its circumference to its centre, and 
possesses the doubly refracting structure. It consists of con- 
centric coats, and these are again composed of fibres. The 
vitreous humor, V V, is contained in a capsule, which is sup- 
posed to be divided into several compartments. 

The total length of the eye from O to 6 is about 0*91 of aa 
inch ; the principal focal distance of the lens, c c, is 1*7B ; and 
the range of the moving eyeball, or the diameter of the field 
of distinct vision, is 110°. The field of vision is 50° above a 
horizontal line and 70° below it, or altogether 120° in a ver- 
tical plane. It is 60^ inwards and 90° outwards, or altogether 
in a horizontal plane 150°. 

I have found the following to be the refractive powers of 
the different humors of the eye; the ray of light being inci- 
dent upon them from air : — 

Aqueoxia Crystalline Lens. Vitreous 

Humor. surface. Centre. Mean. llumor. 

1-3366. 1-3767. 1-3390. 1-3839. 1-3394. 

But as the rays refracted by the aqueous humor pass into 
the crystalline, and those from the crystallme into the vitreous 
humor, the indices of refraction of the separating surface of 
each of these humors will be : — 

From aqueous humor to outer coat of the crystalline 1-0300 

From do* to crystalline, using the mean index - - 1-0353 

. From crystalline outer coat to vitrcons 0-9729 

From do. to do. using the mean index - - - 0-9679 

As the cornea and crystalline lens must act upon the rays 
of light which fall upon the eye exactly like a convex lens, 
inverted images of external objects will be formed upon the 
retina r r r in precisely the same manner as if the retina were 
a piece of white paper in the focus of a single lens placed at 
d. There is this difference, however, between the two cases, 
that in the eye the spherical aberration is corrected by means 
of the variation in the density of the crystalline lens, which, 
having a greater refractive power near the centre of its mass, 
refracts the central rays to the same point as the rays which 
pass through it near its circumference cc. No provision 
however, is made in the human eye for the correction of colo 
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because the deviatioiixof the differently colored rays is too 
small to produce indistinctness of vision. It* we shut up all 
the pupil excepting a portion of its edge, or look past the 
finger held near the eye, till the finofer almost hides a narrow 
line of white light, we shall see a distinct prismatic spectrum 
of this line containing ail the different colors ; an effect which 
could not take place if the eye were achromatic. 

That an inverted image of external objects is formed on 
the retina has been often proved, and may be ocularly demon- 
strated by taking the eye of an ox, and paring away with a 
sharp instrument the sclerotic coat till it becomes thin enough 
to see the image through it Beyond this point optical science 
cannot carry us. In what manner the retina conveys to the 
brain the impressions which it receives from the rays of light 
we know not, and perhaps never shall know. 

On the Phenomena and Laws of Vision 

(167.) 1. On the seat of vision. — The retina, from its deli- 
cate structure, and its proximity to the vitreous humor, had 
always been regarded as the seat of vision, or the surface on 
which the refracted rays were converged to their foci, for the 
purpose of conveying the impression to the brain, till M. 
Mariotte made the curious discovery that the base of the optic 
nerve, or the circular section of it at O, fig, 141., was in- 
capable of conveying to the brain the impression of distinct 
vision. 

He found that when the image of any external object fell 
upon the base of the optic nerve, it instantly disappeared. In 
order to prove this, we have only to place upon the wall, at 
the height of the eye, three wafers, two feet distant from each 
other. Shutting one eye, stand opposite to the middle wafer, 
and while looking at the outside wafer on the same hand as 
the shut eye, retire gradually from the wall till the middle 
wafer disappears. This will happen at about five times the 
distance of the wafers, or ten feet from the wall ; and when 
the middle wafer vanishes, the two outer ones will be distinctly 
seen. If candles are substituted for wafers, the middle candle 
will not disappear, but it will become a cloudy mass of light 
If the wafers are placed upon a colored wall, the spot occu 
pied by the wafer will be covered by the color of the wall, as 
if the wafer itself had been removed. According to Daniel 
Bernoulli, the part of the optic nerve insensible to distinct 
impressions occupies about the seventh part of the diameter 
of the eye, or about the eighth of an inch. 

This unfitness of the Iwse of the optic nerve for giving 



^44 A TBBATI8£ ON OFTIOB. PABT lU. 

difltioet viflioii, induced Mariotte te believe that the ckormd 
ooftt, which lies immediately belojv the retina, perfbnus the 
Actions ascribed to the retina; for where there was no 
choroid coat there was no distinct visic^ The opacity of the 
<^Qn>id coat and the transparency of the retina, which render- 
ed it an unfit ground for the reception of images, were argu- 
ments in favor of this opinion. Comparative anatomy fumifes 
us with another argument, perhaps even nKH*e conclusive than 
any of thoee urgra by Mariotte. In the eye of the sejpi^ 
hligOf or euttle-niBh, an opaque membranous pigment is inter- 
posed between the retina, and ike vitreous hrnnmf so that, if 
the retina is essential to vision, the impressions of the image 
on this black membrane must be conveyed to the retina by 
the vibrations ^ the membrane in front of it Now, since 
the human retina is transparent, it will not prevent the images 
of objects from being formed on the choroid coat ; and the 
vibraticms which they excite in this membrane, being com- 
municated to the retina, will be conveyed to the brain. These 
views are strengthened by another fact of some interest I 
have observed in young persons, that the choroid coat (which 
ia generally supposed to be black, and to grow Winter by age,) 
refects a brilliant crimson color, like that of dpgs and oUier 
finimalB.' Hence, if the retina is afifeete4 by r^y^ which pass 
through itf this crimson light which must necessarily be trans- 
mitted by it ought to excite the sensation of crimson, which 1 
find not to be the ease. 

A French writer, M. Lehot, has recently written a work, 
endeavoring to prove that the seat of vision is in the vitreous 
humor; and that, in place of seeing a fint picture of the ob- 
ject, we actually see an image c^ Siree dimensions, viz. with 
lengthy breadth, and thickness. To produce this effect, he 
supposes that the retina sends out a number of small nervous 
filaments, which ex;tend into the vitreous humor, and convey 
to the brain the impressions of all parts of the image. If this 
ihecwy were true, the eye would not require to adjust itself to 
difierent distances; and we besides know for certaui, that the 
eye cannot see with equal distinctness two points of an object 
at different distances, when it sees one of them perfectly. M. 
l4ehQt might indeed reply to the first of these objections, that 
the nervous filaments may not extend far ermugk into the 
vitreous humor to render adjustment unnecessary ; but if we 
Admit thi^t we would be admitting an imperfection of work- 
maiisfaip, in so far as the Creator would then he employing two 

Dr. Knox, £i2t»ft. Jourvdl itf Scitnee, No. VL p. 199. 
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kinds of mechanism to produce an effect which could have 
been easily produced by either of them separately. 

As dilBculties still attach to every opinion respecting tlie 
seat of vision, we shall still adhere to the usual expression 
used by all optical writers, viz. that the images of objects are 
painted on the retina. 

(168.) 2. On the law of visible direction. — When a ray 
of light falls upon the retina, and gives us vision of the point 
of an object from which it proceeds, it becomes an interesting 
question to determine in what direction the object will be seen, 
reckoning from the point where it falls upon the retina. In 
Jig, 142., let F be a point of the retina on which the image of 
a point of a distant object is formed by means of the crystalline , 

Fig. 142. 




lens, supposed to be at L L. Now, the rays which form the 
image of the point at F fall upon the retina in all possible di- 
rections from L F to L F, and we know that the point F is 
seen in the direction F C R. In the same manner, the points 
ff are seen sranewhere in the directions /' S, / T. Tliese 
lines F R,/' S,/T, which may be called the lines of visible 
directum, may either be those which pass through the centre 
C of the lens L L, or, in the case of the eye, through the 
centre of a lens equivalent to all the refractions employed in 
producing the image ; or it may be the resultant of all the 
directions within the angles L F L, L/L ; or it may be a line 
perpendicular to the retina at F,f'f In order to determine 
this point, let us look over the top of a card at the point of 
the object whose image is at F till the edge of the card is just 
about to hide it, or, what is the same thing, let us obstruct all 
the rays that pass through the pupil excepting the upper ones, 
R L, R C ; we shall then find that the point whose image is at F, 
is seen in the same direction as when it was seen by ali the 
rays L F, C F, L F. If we look beneath the card in a similar 
manner, so as to see the object by the lower rays, R L F, R C F 
V2 
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we riiaD see it in the same direction. Hence it is manifest 
that the line of visible direction does not depend qo the direc- 
tion of the ny, bat is always perpendicular to the retina. This 
impcNTtant truth in the physiology of vision may be proved in 
another way. If we look at the sun over the top of a card, 

' as beicNre, so as to impress the eye with a permanent spectrum 
1^ means of rays L F &l)ing ohbqnely on the retuia, this 
speetmm will be seen along the axis of vision F C. In like 
manner, if we press the eyeball at any pert where the retina 
is, we shall see the laminoos imprenion which is produced, in 
a direction perpendicular to the point of pressure ; and if we 
make the pressure with the head of a pin, so as to press either 

.obliquely or perpendicularly, we shall find that the luminous 
spot has the same direction. 

Now, as the interior eyeball is as nearly as possible a perfect 
sphere, lines perpendicular to the surface of the retina roust 
all pass through one single point, namely, the centre of its 
spherical sur&ce. This one point may be called the centre of 
visible direction, because every point of a visible object will 
be seen in the direction <^ a line drawn from this centre to 
the visible point When we move the eveball by means of its 
own muscles through its whole range of 110*^, every point of 
an object within the area of the visible field either of distinct 
or indistinct vision remains absolutely fixed, and this arises 
from the immobility of the centre of visible direction, and, 
consequently, of the lines of visible direction joining that 
centre and every point in the visible field. Had tiae centre of 
visible direction been out of the centre of the eyeball, this 
perfect stability of vision could not have existed. If we press 
the eye with the finger, we alter the spherical form of the 
sur&ce of the retina; we consequently alter the direction of 
lines perpendicular to it, and also the centre where these lines 
meet; so that the directions of visible objects should be 
changed by pressure, as we find them to be. 

(169.) 3. On the cause of erect vision from an inverted 
image. — As the refractions which take place at the sur&ce of 
the cornea^ and at the surfaces of the crystalline lens^ act ex- 
actly like those in a convex lens in forming behind it au in- 
verted image of an erect object ; and as we know from direct 
experiment that an inverted image is formed on the retina, it 
has been long a problem among the learned, to determine how 
an inverted image produces an erect object It would be a 
waste of time to give even an outline of the difierent opinions 
which have been entertained on this subject ; but there is one 
so extraordinary as to merit notice. According to this opinion, 
alt infanta see objects upside down, and it is only by comparing 
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the erroneotts information acquired by vision with the accurate 
mfonoation acquired by touch, that the young learn to see 
objects in an erect position ! To refute such an opinion would 
be an insult to the intelligent reader. The establishment of 
the true cause of erect vision necessarily overturns all erro- 
neous hypotheses. 

The law of visible direction above explained, and deduced 
from direct experiment, removes at once every difficulty that 
besets the subject The lines of visible direction necessarily 
cross each other at the centre of visible direction, so that those 
from the lower part of the image go to the upper part of the 
object, and those finom the upper part of the image to the lower 
part of the object Hence, in fig. 142. the visible direction 
of the point/', formed by rays coming from the upper end S 
of the object, will be/' C S, and the visible direction of the 
point/ formed by rays coming from the lower end T of tlie 
object, will be/CT; so that an inverted image necessarily 
produces an erect object 

This conclusion may be illustrated in another way. If we 
hold up against the sun the erect figure of a man, cut out of 
a piece of black paper, and look at it steadily for a little 
while ; if we then shut both eyes, we shall see an erect spec- 
trum of the inan when the figure of the paper is erect, and 
-an inverted spectrum of him when the figure is held in an 
inverted position. In this case, there are no rays proceeding 
from the object to the retina after the eye is shut, and therefore 
the object is seen in the positions above mentioned, in virtue 
of the lines of visible direction being in all cases perpendicular 
to the impressed part of the retina. 

(170.) ^ On the law of distinct vision. — ^When the eye 
is directed to any point of a landscape, it sees with perfect 
distinctness only that point of it whicn is directly in the axis 
of the eye, or the image of which fiills upon the central hole 
of the retina. But, though we do not see any point but the 
one with that distinctness which is necessary to examine it, 
we still see the other parts of the landscape with sufficient 
distinctness to enable us to enjoy its general effect The ex- 
treme mobility of the eye, however, and the duration of the 
impressions made upon -the retina, make up for this apparent 
defect, and enable us to see the landscape as perfectly as if 
every part of it were seen with equal distinctness. 

The indistinctness of vision for all objects situated out ot 
the axis of the eye increases with their distances from that 
axis; so that we are not entitled to ascribe the distinctness of 
vision in the axis to the circumstance of the image being 
formed on the central hole of the retina, where there is no 
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nervoQ^ matter ; for if this were the case, there would he a 
precise boundary between distinct and indi^inct vision, or the 
retina would be found to grow thicker and thicker as it re- 
ceded from the central hole, which is not the case. 

In making some experiments on the indistinctness of vision 
at a distance from the axis of the eye, I was led to observe a 
very remarkable peculiarity of oblique vision. If we shut one 
eye, and direct the other to any fixed point, such as the head 
of a pin, we shall see indistinctly all other objects within the 
spliere of vision. I^et one of these objects thus seen indis- 
tinctly be a strip of white paper, or a pen lying upon a green 
cloth. Then, after a short time, the strip of paper, or the pen, 
will disappear altogether, as if it were entirely removed, the 
impression of the green cloth upon the surrounding parts of 
the eye extending itsplf over the part of the retina which the 
image of the pen occupied. In a short time the vanished 
image will reappear, and a^rain vanish. When both eyes are 
open, the very same effect takes place, but not so readily as 
with one eye. If the object seen indistinctly is a black stripe 
on a white ground, it will vanish in a similar manner. When 
the object seen obliquely is luminous, such as a candle, it will 
never vanish entirely, unless its light is much weakened by 
being placed at a great distance, but it swells and contracts, 
and is encircled with a nebulous halo ; so that the luminous 
impressions must extend themselves to adjacent parts of the 
retina which are not influenced by the light itself 

If, when two candles are placed at the distance of about 
3ight or ten feet from the eye, and about a foot from each 
Mher, we view the one directly and the other indirectly, the 
indirect image will swell, as we have already mentioned, and 
will be surrounded with a bright ring of yellow light, while 
the bright light within the ring will have a pale blue color. 
If the candles are viewed through a prism, the red and green 
light of the indirect image will vanish, and there will be left 
only a large mass of yellow terminated with a portion of blue 
light In making this experiment, and looking steadily and 
directly at one of the prismatic images of the candles, I was 
surprised to find that the red and green rays began to dis- 
appear, leaving only yellow and a small portion of blue ; and 
when the eye was kept immovably fixed on the same point of 
the image, the yellow light became almost pure white, so that 
the prismatic image was converted into an elongated image 
of white light 

If the strip of white paper which is seen indirectly with 
both eyes is placed so near the eye as to be seen double, the 
rays which proceed from it no longer fall upon corresponding 
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points of the retina, tnd the two imtfes do not vaniah instan* 
taneously. But when the one begins to disappear, the other 
begins soon after it, so that they sometimes appear to be ex- 
tii^ished at the same time. 

From these results it appears that oblique or indirect vision 
is infericM' to direct vision, not only in distioeinesBy but from 
its inability to preserve a sustained vision of objects; but 
though thus defective, it posiesses a superiority over direct 
vision in giving us more perfect vision of mmnts objects, such 
as small stars, which cannot be seen by direct vision. This 
onrioqs feet has been noticed by Mr. Herschel and Sir James 
South, and some of the French astrooomera ** A rather sin- 
gular method,'' say Messrs. Herschel and South, ** of obtaining 
a view, and even a rough measure, of the angles of stais of 
the last degree of faintness, has often been resorted to, viz. fo 
direct the eye to another part of the Jeld, In this way, a 
faint star, in the neighbcnriKxxi of a large one, will oflen be- 
come very conspicuous; so as to bear a certain illumination, 
which wiU yet totally disappear, as if sudd^y blotted out, 
when the eye is turned full upon it, and so on, appearing and 
disappearing alternatelv as often as you please. The lateral 
portions of the retina, less &tigued by strong lights, and less 
exhausted by perpetual attention, are probably more sensible 
tp faint impressions than the central ones; which may serve 
to account for this phenomenon." 

The following explanation of this curious phaKunenon 
seems to me mare satisfiictory : — ^A luminous point seen by 
direct Tnaion^ or a sharp line of light viewed steadiljr for a 
considexafale time, throws the retina into a state of agitation 
highly unfavorable to distinct vision. If we look through the 
teeth of a fine comb held close to the eye, or even through a 
smgle aperture of the same narrowness, at a sheet of illumi- 
nated white paper, or even at the sky, the paper or the sky 
will appear to be covered with an infinite number of broken 
serpentine lines, parallel to the aperture, and in constant mo* 
tion ; and as the aperture is turned round, these parallel undu- 
Htions will also turn round. These black and white lines are 
obviously uaduUtions on the retina, which is sensible to the 
impressions of light in one phase of the undulation, and insen- 
sible to it in anoUier phase. An analogous efiect is produced 
by looking stedfasUy, and for a considerable time, on the par- 
allel lines which represent the sea in certain maps. These 
lines will break into portions of serpentine lines, and all the 
prismatic tints will be seen included between the broken cur- 
vilinear portions. A sharp point or line of li^t is therefore 
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unable to keep up a continued vision of itself upon the retina 
when seen directly. 

Now, in the case of indirect vision, we have already seen 
that a luminous object does not vanish, but is seen indistinctly, 
and produces an enlarged image on the retina, beside that 
which is produced by the defect of c<»ivergency in the pencils. 
Hence, a star seen indirectly, will hftect a larger portion of 
the retina from these two causes, and, losing its sharpness, 
will be more distinct It is a curious circumstance, too, that 
in the experiment with the two candles mentioned above, the 
candles seen indirectly frequently appear more intensely 
bright than the candle seen directly. 

(171). 5. On the insensibility of the eye to direct impres- 
sions of faint light. — The insensibility of the retina to indi- 
rect impressions of objects ordinarily illuminated, has a sin- 
gular counterpart in its insensibility to the direct impressioff 
of very faint light If we fix the eye steadily on objects in a 
dark Yoom that are illuminated with the faintest gleam' of 
light, it will be soon thrown into a state of painful agitation ; 
the objects will appear and disappear according as the retina 
has recovered or lost its sensibility. 

These affections are no doubt the source of many optical 
deceptions which have been ascribed to a supernatural origin. 
In a dark night, when objects are feebly illuminated, their 
disappearance and reappearance must seem very extraordinary 
to a person whose fear or curiosity calls forth all his powers of 
observation. This defect of the eye must have been oflen 
noticed by the sportsman in attempting to mark, upon the mo- 
notonous heaths, the particular spots where moor-game had 
alighted. Availing himself of the slightest difference of tint 
in the adjacent heaths, he endeavors to keep his eye steadily 
upon it as he advances ; but whenever the contrast of illumi- 
nation is feeble, he almost -always loses sight of his mark, or 
if the retina does take it up a second time, it is only to lose it 
again.* 

(172.) 6. On the duration of impressions of light on the 
retina, — ^Every person must have observed that the efiect of 
light upon the eye continues for some time. During the 
twinkling of the eye, or the rapid closing of the eyelids for 
the purpose of diffusing the lubricating fluid over the cornea, 
we never lose sight of the objects we are viewing. In like 
manner, when we whirl a burning stick with a rapid motion, 
its burning extremity will produce a complete circle of light. 

* See the Edinburgh Journal (ff Science, No. VI. p. 388. 
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although that extremity can only be in one part of the circle 
at the same instant 

The most instructive experiment, however, on this subject, 
and one which it requires a good deal of practice to make 
well, is to look for a short time at the window at the end of a 
long apartment, and then quickly direct the eye to the dark 
wall. In general, the ordinary observer will see a picture of 
the window, in which the dark bars are white and tiie white 
panes dark ; but the practised observer, who makes the observ- 
ation with great promptness, will see an accurate representa- 
tion of the window with dark bars and bright panes ; but tliis 
representation is instantly succeeded by the complementary 
picture, in which the bars are bright and the panes dark. M. 
D'Arcy found that tlie light of a live coal, moving at the dis* 
tance of 165 feet, maintained its impression on the retina 
during the seventh part of a second.* 

(lH.) 7. On the cause of single vision with two eyes. — 
Although an image of every visible object is formed on the 
retina of each eye, yet when the two eyes are capable of di- 
recting their axes to any given object, it always appears single. 
There is no doubt that, in one sense, we really see two objects^ 
but these objects appear as one, in consequence of the one oc- 
cupying exactly the same place as tlie otlier. Single vision 
with two eyes, or with any number of eyes, if we had them, 
is the necessary consequence of the law of visible direction. 
By the action of the external muscles of the eyeballs, tlie 
axes of each eye can be directed to any point of space at a 
greater distance than 4 or 6 inches. If we look, for example, 
at an aperture in a window-shutter, we know that an image 
of it is formed in each eye ; but, as the line of visible direc- 
tion from any point in the one image meets the line of visible 
direction from the same point in the other image, each point 
will be seen as one point, and, consequently, the wliole aper- 
ture seen by one eye wdl coincide with or cover the wliole 
aperture seen by the other. If the axes of both eyes are di- 
rected to a point beyond the window, or to a point within the 
room, the aperture will then appear double, because the lines 
of visible direction from the same points in each image do not 
meet at the aperture. If the muscles of either of the eyes is 
unable to direct the two axes of tlie eyes to the same point, 
the object will in that case also appear double. This inability 
of one eye to follow the motions of the other is frequently the 
cause of squinting, as the eye which is, as it were, left behind 
necessarily looks in a diiferent direction from the other. The 

♦ For a farther illustration, see Note VIII. of Aui. ed. 
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same effect is often prodaced by tfje imperfect visicm of one 
eye, in consequence of which the good eye only is used. 
Hence the imperfect eye will gradually lose the power of fol- 
lowing the motions of the other, and will therefore look in a 
different direction. The disease of sqnmting may be often 
easily cured. 

(174) 8. On the accommodtUion of the eye to different 
ilMtoTice*.— When the eye sees objects distinctly at a great 
distance, it is unable, without some change, to see objects dis- 
tinctly at any less distance. This will be readily seen by 
looking between tiie fingers at a distant object When the 
distant object is seen distinctly,- the fingers will be seen indis- 
tinctly ; and, if we look at the fingers so as to see them dis- 
tinctly, the distant object will be quite indistinct The most 
distinguished philosophers have maintained different opinions 
respecting the method by which the eye adjiists itself to dif- 
ferent distances. Some have ascribed it to the mere enlarge- 
ment and diminution of the pupil ; some to the elongation of 
the eye, by which the retina is removed from the crystalline 
lens; some to the motion of the crystalline lens; and others 
to a change in the convexity of the lens, on the supposition 
that it consists of muscular fibres. I have ascertained, by 
direct experiment, that a variation in the aperture of the pupil, 
produced artificially, is incapable of pnxlucing adjustment, 
and as an elongation of the eye would alter the curvature of 
the retina, and consequently the centre of visible direction, 
and produce a change of place in the image, we consider this 
hypothesis as quite untenable. 

In order to discover the cause of the adjustment, I made a 
series of experiments, from which the following inferences may 
be drawn : — 

Ist, The contraction of the pupil, which necessarily takes 
place when the eye is adjusted to near objects, does not pro- 
duce distinct vision by the diminution of the aperture, but by 
some other action which necessarily accompanies it 

2dly, That the eye adjusts itself to near objects by two 
actions ; one of which is voluntary, depending wholly on the 
will, and the other involuntary, depending on the stimulus of 
light falling on the retina. 

3dly, That when the voluntary power of adjustment fails, 
the adjustment may still be efiected by the involuntary stimu- 
lus of light 

Reasoning from these inferences, and other results of ex- 
periment, it seems difficult to avoid the conclusion that the 
power of adjustment depends on the mechanism which con 
tracts and dilates the pupil ; and as this adjustment is inde- 
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pendent of the variation of its aperture, it must be elfected by 
the parts in immediate contact with the base of the iris. By 
considering the varioas ways in which the mechanism at the 
base of the iris may produce the adjostment, it appears to be 
almost certain that the lens is removed from the retina by the 
contraction of the pupiL"" 

(175.) 9. On the ceaue of longsightedness and shortsight' 
edness, — ^Between the ages of S) and 50, the eyes of most 
persons begin to experience a remarkable change, which 
generally i£owb itself in a difficulty of reading small type or 
ill-printed books, particularly by candlelight This detect of 
sight, which is called loTijgsightedness^ because objects are 
seen best at a distance, arises from a change in the state of 
the ciTstalline lens, by which its density and refractive power, 
as well as its form, are altered. It frequently begins at the 
margin of the lens, and takes several months to go round it, 
and it is often accompanied with a partial separation of the 
lamine and even of the fibres of the lens. " If the human 
eye," as I have elsewhere remarked, *< is not managed with 
peculiar care at this period, the change in the condition of the 
lens often runs into cataract, or terminates in a derangement 
of fibres, which, though not indicated by white opacity, occa- 
sions imperfections of vision that are often mistaken for 
amaurosis and other diseases. A skilful oculist, who thoroughly 
understands the structure of the eye, and all its optical func- 
tions, would have no difficulty, by means of nice experiments, 
in detecting the very portion of the lens where this change 
has taken place ; in determining the nature and magnitude of 
the change which is going on ; in applying the proper reme- 
dies for stopping its progress ; and in ascertaining whether it 
has advanced to such a state that aid can be obtained from 
convex or concave lenses. In such cases, lenses are often re- 
sorted to before the crystalline lens has sufiered a uniform 
change of figure or of density, and the use of them cannot 
fail to aggravate the very evils which they are intended to 
remedy. In diseases of the lens, where *he separation of 
fibres IS confined to small spots, and is yet of such magnitude 
as to give separate colored images of a luminous object, or 
irregular halos of light, it is often necessary to limit the aper- 
ture of the spectacles, so as to allow the vision to be performed 
by the good part of the crystalline lens." ^ 

This defect of the eye, when it is not accompanied with 
disease, may be completely remedied by a convex lens, which 

* For a fuller account of tbeae experiments, see Edinburifh Journal o, 
SeieneSf No. I. p. 77. 

w 
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makes up for the flatness and diminished refractive power ot 
the crystalline, and enables the eye to converge the penci]» 
flowing from near objects to distinct foci on the retina. 

Shortsightedness ^ows itself in an inability to see at a dis- 
tance ; and those who experience this defect bring minute ob> 
jects very near the eye in order to see them distinctly. The 
rays from remote objects are in this case converged to foci be- 
fore they reach the retina, and therefore the picture on the 
retina is indistinct This imperfection often appears in early 
life, and arises from an increase of density in the central parU 
of the crystalline lens. By using a suitable concave lens the 
convergency of the rays is delayed, so that a distinct image 
can be tbrmed on the retijia. 



CHAP. XXKYl. 

ON ACCIDENTAL COLORS AND COLORED SHADOWS. 

(176.) When the eye has been strongly impressed with 
any particular species of colored light, «nd when in tiiis state 
it looks at a sheet of white paper, the paper does not appear 
to it white, or of the color with which the eye waa impressed, 
but of a different color, which is said to be the accidental color 
o[ the color with which the eye was impressed. If we place, 
for example, a bright red wafer upon a sheet of white paper, 
and fix the eye steadily upon a mark in the centre of it, then 
if we turn the eye upon the white paper we shall see a cir- 
cular spot of bluish green light, of the same size as the wafer. 
This color, which is called the accidental color of red^ wiL 
gradually fade away. The bluish green image of the wafer is 
called an ocular spectrum, because it is impressed on the eye. 
and may be carried about with it for a short time. 

If we make the preceding experiment with differently col- 
ored wafers, we shall obtain ocular spectra whose colors vary 
with the color of the wafer employed, as in the following table. 

Coter of th. Wafer ^''ir^I^ri^'tr^ -* 

Red. Bluish green. 

Orange. Blue. 

^ Yellow. Indieo. 

Green. Reddish violet 

Blue. Orange red. 

Indigo. Orange yellow. 

Violet. Yellow green 

Black. Whit© 

Whit© Black 
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In order to find the accidental color of any color in the spec- 
trum, take half the len^h of the spectrum in a pair of com- 
passes, and setting one K>ot in the color whose accidental color 
is required, the other will fall upon the accidental color. 
Hence the law of accidental colors derived from observation 
may be thus stated : — ^The accidental color of any color in a 
prismatic spectrum, is that color which in the same spectrum 
is distant from the first color half the length of the spectrum ; 
or, if we arrange all the colors of any prismatic spectrum in 
a circle, in their due proportions, the accidental color of any 
particular color will be the color exactly opposite that par- 
ticular color. Hence the two colors have been called opposite 
colors. 

If the primitive color, or that which impresses the eye, is 
reduced to the same degree of intensity as the accidental 
color, we shall find that the one is the complement of the 
other, or what the other wants to make it white light ; that 
is, the primitive and the accidental colors will, when reduced 
to the same degree of intensity which they have in the spec- 
trum, and when mixed together, make white light On this 
account accidental colors have been called complementary 
colors. 

With the aid of these facts, the theory of accidental coiora 
will be readily understood. When the eye has been for some 
time fixed on the red wafer, the part of the retina occupied 
by the red image is strongly excited, or, as it were, deadened 
by its continued action. The sensibility to red light will 
therefore be diminished ; and, consequently, when the eye is 
turned from the red wafer to the white paper, the deadened 
portion of the retina will be insensible to the red rays which 
form part of the white light from the paper, and consequently 
will see the paper of that color which arises from all the rays 
in the white light of the paper but the red ; that is, of a bluish 
green color, which is therefore the true complementary color 
of the red. When a black wafer is placed on a white 
ground, the circular portion of the retina, on which the black 
image &lls, in place of being deadened, is refreshed, as it 
were, by the absence of light, while all the surrounding parts 
of the retina, being excitS by the white light of the paper, 
will be deadened by its continued action. Hence, when the 
eye is directed to the white paper, it will see a white circle 
corresponding to the black image on the retina ; so that the 
accidental color of black is white. For the same reason, if a 
iDhite wafer is placed on a black ground, and viewed stedfastly 
for some time, the eye will afterwards see a black circular 
space ; so that the accidental color of white is black. 
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Such are the phenomena of accidental colors when weak 
lig'ht IS employed ; but when the eye is impressed powerfully 
with a bright white light, the phenomena have quite a different 
character. The first person who made this experiment with 
any care was Sir Isaac Newton, Who sent an account of the 
results to Mr. Locke, but they were not published till 1629.* 
Many years before 1691, Sir Isaac, having shut his left eye, 
directed the right <me to the image of the sun reflected from 
a looking-glass. In order to see the impression which was 
made, he turned his eye to a dark comer of his room, when 
he observed a bright spot made by the sun, encircled by rings 
of colora This *^ phantom of light and colors,*' as he calls it, 
gradually vanished ; but whenever he thought of it, it return- 
ed, and became as lively and vivid as at first He rashly re- 
peated the experiment three times, and his eye was imf«^8sed 
to such a degree, ** that whenever I looked upon the clouds, 
or a book, or a bright object, I saw upon it a round bright 
spot of light like the sun ; and, which is still stranger, though 
I looked upon the sun with my right eye only, and not with 
my left, yet my fancy began to make an impression on my left 
eye as well as upon ray right ; for if I shut my rig^t eye, or 
looked upon a book or the clouds with my left eye, I could see 
the spectrum of the sun almost as plain as with my right eye." 
The efiect of this experiment was such, that Sir Isaac durst 
neither write nor read, but was obliged to shut himself com- 
pletely up in a dark chamber fi>r three da3rs together, and by 
keeping in the dark, and employing his mind about other 
things, he began, in about three or four days, to recover the 
use of his eyes. In these experiments, Sir Isaac's attention 
was more taken up with the metaphyseal than with the op- 
tical results of them, so that he has not described eitlier the 
colors which he saw, or the changes which they underwent 

Experiments of a similar kind were made by M. ^pinus. 
When the sun was near the horizon, he fixed his eye steadily 
on the solar disc for 15 seconds. Upon shntting his eye he 
saw an irregular pale sulphur yellow image of iSe sun, encir- 
cled with a faint red border. As soon as he opened his eye 
upon a white ground, the image of the son was a brmontsh 
red, and its surrounding border thy blue. With his eye again 
shut, the image of the sun became green with a red border, 
different from the last Turning his eye again upon a white 
ground, the sun's image was more red, and its border a brighter 
sky blue. When the eye was shut, the green spectrum be- 
came a greenish sky blue, and then a fine sky blue, with the 

♦ In liOrd King's liife of Lnnke. 
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border growing" a finer red ; and when the eye was open, tho 
spectrmn became a finer red, and its border a finer blue. M. 
Spinas noticed, that when his eye was fixed upon the white 
ground, the image of the sun frequently disappeared, returned, 
and disappeared again. 

About the year 1808, 1 was led to repeat the preceding ex- 
periments of JEpiniis; but, instead of looking at the sun 
when of a dingy color, I took advantage of a fine summer's 
day, when the sim was near the meridian, and I formed upon 
a white ground a brilliant image of his disc by the concave 
speculum of a reflecting telescope. Tying up my right eye, 
I viewed this luminous disc with my left, eye through a tube, 
and when the retina was highly excited, I turned my loft eye 
to a white ground, and observed the following spectra by al- 
ternately opening and shutting it : — 



Spectre Kith left eye open. 


Spectre with left eye ahal. 


1. Pink surrounded with green. 


Green. 


2. Orange mixed with pink. 


Blue. 


3. Yellowish brown. 


Bluish pink. 


4. Yellow. 




5. Pure red. 


Sky blue 


6. Orange. 


Indigo. 



Upon uncovering my right eye, and turning it to a white 
ground, I was surprised to observe that it also gave a colored 
spectrum, exactly the reverse of the first spectrum, which 
was pink with a green border. The reverse spectrum was a 
green with a pinkish border. This experiment was repeated 
5iree times, and always with the same result ; so that it would 
appear that the impression of the solar image was conveyed 
by the optic nerve from the left to the right eye. Sir Isaac 
Newton supposed that it was his fancy Uiat transferred tho 
image from his left to his right eye ; but we are disposed to 
think that in his experiment no transference took place, be- 
cause the spectrum which he saw with both eyes was tlie 
same, whereas in my experiment it was the reverse one. We 
cannot however speak decidedly on this point, as Sir Isaac 
did not observe that the spectra with the eye shut were the 
reverse of those seen with the eye open. It a spectrum is 
strongly formed on one eye, it is a very difficult matter to ile- 
terraine on which eye it is formed, and it would be impossible 
to do this if the spectrum was the same when the eye was 
open and shut 

The phenomena of accidental colors are often finely seen 
when the eye has not been strongly impressed with any par- 
ticular colored object. It was long ago observed by M. Meus- 
W2 
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nier, that when the sun shone through a hole a quarter of an 
inch in diameter in a red curtain, the image of tiie luminous 
spot was green. In like manner, every person must have ob- 
served in a brightly painted room, illuminated by the sun, that 
the parts of any white object on which the colored light does 
not &11, exhibit the complementary colors. In order to see 
this class of phenomena, I have found the following method 
the simplest and the best Having lighted two candles, hold 
before one of them a piece of colored glass, suppose bright red, 
and remove the other candle to such a distance that Sie two 
shadows of any body formed upon a piece of white paper may 
be equally dark. In this case one of the shadows will be red, 
and the other green. With blue glass, one of them will be 
blue, and the other orange yellow ; the one being invariably 
the accidental color of the other. The very same efiect may 
bp produced in daylight by two holes in a wiudow-shutter ; the 
one being covered with a colored glass, and the other trans- 
mitting the white light of the slty. Accidental colors may 
also be seen by looking at the image of a candle, or any white 
object seen by reflexion from a plate or surface of colored 
glass 8u£ciently thin to throw back its color from the second 
surface. In this case the reflected image will always have 
the complementary color of the glass. The same effect may 
be seen in looking at the image of a candle reflected from the 
water in a blue finger-glass ; the image of the candle is yel 
lowish : but the effect is not so decided in this case, as the 
retina is not sufficiently impressed with the blue light of the 
glass. 

These phenomena are obviously different from those which 
are produced by colored wafers ; because in the present case 
the accidental color is seen by a portion of the retina which 
is not aflTected, or deadened as it were, by the primitive color. 
A new theory of accidental colors is therefore requisite, to 
embrace this class of facts. 

As in acoustics, where every fundamental sound is actually 
accompanied with its harmonic sound, so in the impressions of 
light, the sensation of one color is accompanied by a weaker 
sensation of its accidental or harmonic color.* When we look 
at the red wafer, we are at the same time, with the same por- 
tion of the retina, seeing green; but being much fiiiy'Kr, it 
seems only to dilute the red, and make it, as it were, whiter, 
by the combination of the two sensations. " When the eye 
looks from the wafer to the white paper, the permanent sen- 

* The terra harmonic baa been applied to accidental colora ; becaaae the 
fmmitive and its accidental color bannonixc with each otber in painting. 
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sation of the accidental color remainn, and we see a green 
image. The duration of the primitive impression is only a 
fraction of a second, as we have already siiown ; but the dura- 
tion of the harmonic impression continnes for a time propor- 
tional to the strength of the impression. In order to app]y 
these views to the second class of facts, we must have re- 
course to another principle ; namely, that when the whole or 
a great part of the retina has the sensation of any primitive 
color, a portion of the retina protected from the impression of 
the color is actually thrown into that state which gives the 
accidental or harmonic color. By the vibrations probably 
communicated from the surrounding portions, the influence of 
the direct or primitive color is not propagated to parts free 
from its action, excepting in the particular case of oblique 
vision formerly mentioned. When the eye, therefore, looks 
at the white spot of solar light seen in the middle of the red 
light of the curtain, the whole of the retina, except the por- 
tion occupied by the image of the white spot, is in the state 
of seeing every thing green; and as the vibrations which 
constitute this state spread over the portions of the retina 
upon which no Ted light falls, it will, of course, see the white 
circular spot green. 

(177.) A very remarkable phenomenon of accidental colors, 
in which the eye is not excited by any primitive color, was 
observed by Mr. Smith, surgeon in Fochabers. If we hold a 
narrow strip of white paper vertically, about a foot from the 
eye, and fix both eyes upon an object at some distance beyond 
it, then if we allow the light of the sun, or the light of a can- 
dle, to act strongly upon the right eye, without affecting the 
left, which may be easily protected from its influence, the left 
hand strip of paper will be seen of a bright green color, and 
the right hand strip of a red color. If the strip of papet is 
sufficiently broad to make the two images overlap each other, 
the overlapping parts will be perfectly white, and free from 
color ; which proves that the red and green are complementary. 
When equally luminous candles are held near each eye, the 
two strips of paper will be white. If when the candle b held 
near the right eye, and the strips of paper are seen red and 
green, then on bringing the candle suddenly to the left eye, 
the lefl hand image of the paper will gradually change to 
green, and the right hand image to red. 

(178.) A singular afTection of the retina, in reference to 
colors, is shown in the inability of some eyes to distinguish 
certain colors of the spectrum. The persons who experience 
this defect have their eyes generally in a sound state, and are 
capable of performing all the most delicate functions of vision. 
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Mr. Harrisf a shoemaker at All(Hiby, was unable from his in- 
fancy to distinguish the cherries of a cherry-tree from its 
leaves, in so far as color was concerned. Two of his brothers 
were equally defective in this respect, and always mistook 
orange for grass green, and light green for yeUow. Harris 
himself could only distinguish blacK and white. Mr. Scott, 
who describes his own case in the Philosophical Transactions, 
mistook pink for a pale blue, and a full red for a full green. 

All kinds of yellows and blues, except sky blue, be could 
discern with great nicety. His father, his maternal uncle, 
one of his sisters, and her two sons, had all the same defect. 

A tailor at Plymouth, whose case is described by Mr. 
Harvey, regarded the solar spectrum as consisting only ofyel^ 
low and light blue ; and he could distinguisti with certainty 
only yellow, while, and green. He regarded indigo and Prus- 
sian blue as black. 

Mr. R. Tucker describes the colors of the spectrum as fol- 
lows : — 



Blue sometimes Pink. 
Indigo - - - Purple. 
Violet - - - Purple. 



Red mistaken for Brown. 

Orange - - - - Green. 

Yellow sometimes Orange. 

Green - - - - Orange. 

A gentleman in the prime of life, whose case I had occa-sion 
to examine, saw only two colors in the spectrum, viz, yellow 
and blue. When the middle of the red space was absorbed 
by a blue glass, he saw the black space, with what he called 
the yellow, on each side of it This defect in the perception 
of color was experienced by the late Mr. Dugald Stewart, 
who could not perceive any difFerence in the color of the scar- 
let fruit of the Siberian crab and that of its leaves. Mr. 
Dalton is unable to distinguish blue from pink by daylight, and 
in the solar spectrum the red is scarcely visible, the rest of it 
appearing to consist of two colors. Mr. Troughton has the 
same defect, and is capable of fully appreciating only bliie and 
yellow colors ; and when he names colors, the names of blue 
and yellow correspond to the more and less refrangible rays, 
all those which belong to the former exciting the sensation of 
blueness, and those which belong to the latter the sensation of 
yellowness. 

In almost all these cases, the different prismatic colors have 
the power of exciting the sensation of light, and giving a dis- 
tinct vision of objects, excepting in the case of Mr. Dalton, 
who is said to be scarcely able to see the red extremity of the 
spectrum. 

Mr Dalton has endeavored to explain this peculiarity of 
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vision fay supposing that in his own case the vitreous humor is 
bine, and, therefore, absorbs a great portion of the red rays 
and other least refrangible rays ; but this opinion is, we tbinlc, 
not well fimnded. Mr. Herschel attributes this state of vision 
to a defect in the sensorium, by which it is rendered incapable 
of appreciating exactly those differences between rays on 
which their color depends.* 



PART IV. 



ON OPTICAL INSTRUMENTS. 

All the optical instruments now in use have, with the ex- 
ception of the burning mirrors of Archimedes, been invented 
by modem philosophers and opticians The principles upon 
which most of them have been constructed have already been 
explained, in the preceding chapters, and we shall therefore 
confine ourselves, as much as possible, to a general account of 
their construction and propertiea 

CHAP. XXXVII. 

ON PLANE AND CURVED MIERORS. 

(179.) One of the simplest optical instruments is the single 
plane mirror, or looking-gkss, which consists of a plate of 
fflass with parallel surfttces, one of which is covered with tin- 
foil and quicksilver. The glass performs no other part in ^is 
kind of plane mirror than that of holding and giving a polished 
sur&ce to the thin bright film of metal which is extended over 
it If the surfaces of the plate of glass are not parallel, we 
shall see two, three, and four images of all luminous objects 
seen obliquely ; but even when the surfaces are parallel, two 
images of an object are formed, one reflected from the first 
sur&ce (tf glass, and the other from the posterior surface of 
metal ; and the distance of these images will increase with 
the thickness of the glass. The image reflected from the 

flaas isy however, very faint compared with the other ; so that 
»r ordinary purposes a plane glass mirror is sufficiently ac- 
curate ; but when a plane mirror forms a part of an optical 

* For the theory recentiy advanced by Sir David Brewster to ez^dain 
thaae caseft see Note IX. nf Am. ed. 




262 A THBATUB ON OFHCS. PABT IV. 

inistninient where accuracy of vision is reqaired, it must be 
made of steel, or silver, or of a mixture of copper and tin ; 
and in this case it is called a gpeculum. The formation of 
images by mirrors and specula has been fully described in 
Chap. II. 

Kaleidoscope. 

. (180.) When two plane mirrors are combined in a particu- 
lar manner, and placed in a particular position relative to an 
object, or series of objects, and the eye, they constitute the 
kaleido9Cope, or instrument for creating and exhibiting 
beautiful forms. If A C, B C, for example, be sections of two 
plane mirrors, and M N an object placed between them or in 
fif. 143. front of each, the mirror A C will form 

behind it an image m n of the object M N, 
in the manner shown in Jig, 16. In like 
-manner, the mirror B C will form an 
image M' N' behind it But, as we have 
formerly shown, these images may be con- 
sidered as new objects, and therefore the 
mirror A C will form behind it an image, 
M" N", of the object or image M' N', and 
B C will form behind it an image, m' n\ of the object or image 
ntTi. In like manner it will be found that m"n" will be the 
image of the object or image M" N", formed by B C, and of 
the object or image rh! n', formed by A C. Hence m" n" will 
actually consist of two images overlapping each other and 
forming one, provided the angle A C B is exactly 60°, or the 
sixth part of a circumference of -960°. In this case all the 
six images (two of the six forming only one, »i"n",) will, 
along with the original object, M N, form a perfect equilateral 
triangle. The object, M N, is drawn perpendicular to the 
mirror B C, in consequence of which M N and M' N' form 
one straight line ; but if M N is moved, all the images will 
move, and the figure of all the images combined will form 
another figure of perfect re^larity, and exhibiting the most 
beautiful variations, all of which may be drawn by the methods 
already described. In reference to the multiplication and ar- 
rangement of the images, this is the principle of the kaleido- 
scope ; but the principle of symmetry, which is essential to the 
instrument, depends on the position of the object and the eye. 
This principle will be understood from fig, 144., where ACE 
and BCE represent the two mirrors inclined at an angle 
A C B, and having C E for their line of junction, or common 
intersection. If the object is placed at a distance, as at M N, 
then there is no position of the eye at or above E which wil3 
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give a symmetrical arrangement of the six images shown in 
fig. 143. ; for the corresponding parts of the one will nevei 

Fig. in 




join the corresponding parts of the other. As the object is 
brought nearer and nearer, the symmetry increases, and is 
most complete when the object M N is quite close to A B C, 
the ends of the reflectors. But even here it will not be per- 
fect, unless the eye is placed as near as possible to E, the line 
of junction of the reflectora The following, therefore, are the 
tliree conditions of symmetry in the kaleidoscope : — 

1. That the reflectors sliould be placed at an angle which 
is an even or an odd aliquot part of a circle, when the object 
is regular and similarly situated with respect to both the mir- 
rors ; or an even aliquot part of a circle, when the object is 
irregular. 

2. That out of an infinite number of positions for tJie object 
both within and without the reflectors, there is only one posi- 
tion where perfect S3rmmetry can be obtained, namely, by 
placing the object in contact with the ends of the reflectors, or 
between them. 

3. That out of an infinite number of positions for the sittia' 
lion of the eye, there is only one where the symmetry is per- 
fect, namely, as near as possible to the angular point, so that 
the whole of the circular field can be distinctly seen ; and this 
point is the only one at which the uniformity of the reflected 
light is greatest 

In order to give variety to the figures formed by the instru- 
ment, the objects, consisting of pieces of colored glass, twisted 
glass of various curvatures, &c., are placed in a narrow cell 
between two circular pieces of ^lass, leaving them just room 
to move about, while this cell is turned round by the hand. 
The pictures thus presented to the eye are beyond all descrip- 
tion splendid and beautiful; an endless variety of symmetrical 
combinations presenting themselves to view, and never again 
recurring with tlie same form and color. 

For the purpose of extending the power of the instrument, 
and introducing into symmetrical pictures external objects, 
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whether animate or inanimate, I applied a convex lens, L L. 
Jlif(. 144., by means of which an inverted image of a distant 
object, M N, may be formed at the very extremity of the mir- 
rors, and thererore brought into a position of greater sym- 
metiy than can be effected in any other way. In Uiis construc- 
tion the lens is placed in one tube and the reflectors in an- 
other ; so that by pulling out or pushing in the tube next the 
eye, the images of objects at any distance can be formed at 
the place of symmetry. In this way, flowers, trees, animals, 
pictures, busts, may be introduced into symmetrical combina- 
tions. When the distance E B is less than that at which the 
eye sees objects distinctly, it is necessary to place a convex 
lens at E, to give distinct vision of the objects in the picture. 
See my Treatise on the Kaleidoscope, 

Plane burning Mirrors 

(181.) A combination of plane burning mirrors forms a pow- 
erful burning instrument; and it is highly probable that it was 
with such a combination that Archimedes destroyed the ships 
of Marcelltts. Athanasius Kircher, who first proved the effi- 
cacy of a union of plane mirrors, went with his pupil Scheiner 
to Syracuse, to examine the position of the hostile fleet ; and 
they were both satisfied that the ships of Marcellus could not 
have been more than thirty paces distant from Archimedes. 

Buflbn constructed a burning apparatus upon this principle, 
which may be easily exjdained. If we reflect the light of the 
sun upon one cheek by a small piece of plane looking-glass, 
we shall experience a sensation of heat less than if the direct 
light of the sun fell upon it If with the other hand we re- 
flect the son's light upon the same cheek with another piece 
of mirror, the warmth will be increased, and so on, till with 
five or six pieces we can no longer endure the heat Buflbn 
combined 168 pieces of mirror, 6 inches by 8, so that he could, 
by a little mechanism connected with each, cause them to 
reflect the light of the sun upon one spot Those pieces of 
glass were selected which gave the smallest image of the sun 
at 250 feet 

The following were the effects produced by difierent num- 
bers of these mirrors : — 



no. (If 

Mirrora. 


Mrtancoor 
Oldci-t. 


12 


20 feet 


21 


20 


40 


66 


45 


20 


96 


126 



Small combustibles inflamed. 
Beech ^lank burned. 
Tarred beech plank inflamed. 
Pewter flask 61b. weight melted. 
Tarred and sulphured plank set on fire. 
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Ho. of Mataaee of _, 





ObiKU 


112 


138 


117 


20 


128 


150 


148 


150 


154 


150 


154 


250 


224 


40 



Plank covered with wool set on fire. 
Some thin paeces of silver melted. 
Tarred fir plank set on fire. 
Beech plank sulphured inflamed violently. 
Tarred plank smoked violently. 

i Chips of fir deal sulphured and mixed with 
charcoal set on fire. 
Plates of silver melted. 

As it is difficult to adjust the minors while the sun changfes 
his place^ M. Peyrard proposes to produce great efifects by 
mounting each mirror in a separate frame, carrying a tele- 
scope, by means of which one person can direct the reflected 
rays to the object which is to be burned. He conceives that 
with 590 glasses, about 20 inches in diameter, he could reduce 
a fleet to ashes at the distance of a quarter of a league, and 
with glasses of double that size at the distance of half a 
league. 

Plane glass mirrors have been combined permanently into a 
parabolic fi>nta, for the purpose of burning objects placed in 
the focus of the parabola, by the sun's rays; and the same 
combination has been used, and is still in use, fi>r lighthouse 
reflectors, the light being placed in the focus of the parabohL 

Convex and Concave Mirrors. 

(182.) The general properties of convex and concave mir- 
rors have been already described in Chap. II. Convex mirrors 
are used principally as household ornaments, and are charac' 
terized by then: property of forming erect and diminished 
images of all objects placed before them, and these images ap- 
pear to be situated behind the mirror. 

Concave mirrors are distinguished by their property of 
forming in front of them, and in the air, inverted images of 
erect objects, or erect images of inverted objects, placed at 
some distance beyond their principal focus. If a fine trans- 
parent cloud of blue smoke is raised, by means of a chafing- - 
dish, around the focus of a large concave mirror, the image of 
any highly illuminated object will be depicted, in the middle 
of it, with great beauty. A skull concealed fix)m ^be observer 
is sometimes used, to surprise the ignorant ; and when a dish 
of fruit has been depicted in a similar manner, a spectator, 
stretching out his hand to seize it, is met with the image of a 
drawn dagger, which has been quickly substituted for Ijie fruit 
at the other conjugate focus of the mirror 
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Concave mirrors have been used as liofhthoiise reflectors, 
an 1 as burnin!^ inslruinenls. When used in lighthouses, they 
are tbnne.l of plates of copper plated with silver, and the^ 
are hammered into a parabolic form, and then polished with 
the hand. A lamp placed in the focus of the parabola will 
have its divergent light thrown, after reflexion, into something 
like a parallel beam, which will retain its intensity at a great 
distance. 

When concave mirrors are used for burning, they are gene- 
rally made spherical, and regularly ground and polished upon 
a t(X)l, like the specula used in telescopes. The most cele- 
brated of these were made by M. Villele, of Lyons, who exe- 
cuted five large ones. One of the best of them, which con- 
sisted of copper and tin, was very nearly four feet in diameter, 
and its focal length thirty-eight inches. It melted a piece of 
Pompey's pillar in fifty seconds, a silver sixpence in seven 
seconds and a half, a halfpenny in sixteen seconds, cast-iron 
in sixteen seconds, slate in three seconds, and thin tile in fou'* 
seconds. 

Cylindrical Mirrors 

(183.) All objects seen by reflexion in a cylindrical mirror 
are. necessarily distorted. If an observer looks into such a 
mirror with its axis standing vertically, he will see the image 
of his head of the same length as the original, because the 
surface of the mirror is a straight line in a vertical direction. 
The breadth of the face will be greatly contracted in a hori- 
zontal direction, because the soilice is very convex in that 
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direction, and in intermediate directions the head will have 
intermediate breadths. If the axis of the mirror is held hori- 
zontally, the face will be as broad as life, and exceedingly 
short If a picture or portrait M N is laid down horizontiUly 
before the mirror A B, j^. 145., the reflected image of it will 
be highly distorted ; but the picture may be drawn distorted 
according to regular laws, 90 that its ima^ shall have the 
most correct proportion& 

Cj:i«idrical mirrors, which are now very u^commoa, zssd 
to be made 101 this purpose, and ^"cre accompanied with a 
series of distorted figures, which, when seen by the eye, have 
neither shape nor meaning, but when laid down before a cylin- 
drical mirror, the reflected image of them has the most per- 
fect proportions. This effect is shown in Jig. 145., where 
M N is a distorted figure, whose image in the mirror A B has 
the appearance of a regular portrait 



CHAP. XXXVIIL 

ON nifOUB JUXD CX>MFOUMD LEN8SB 

Specttaclbs and reading glasses are among the simplest and 
most useful of optical instruments. In order to enable a per- 
son who has imperfect vision to see small objects distinctly, 
when they are not fiir from the eye, such as small manuscript, 
or small type, a convex lens of very short focus must be used 
both by those who are long and short sighted. 

When a short-sighted person, who cannot see well at a dis- 
tance, wishes to have distmct vision at any particular distance, 
he must use a concave lens, whose focal length will be found 
thus, — Multiply the distance at which he sees objects most 
distinctly by the distance at which he wishes to see them dis- 
tinctly with a concave lens, and divide this product by the 
diflerence of the above distances. 

A long-sighted person, who cannot see near objects distinctly, 
must use a convex lens, whose focal length is found by the 
preceding rule. 

In choosing spectacles, however, the best way is to select, 
out of a number, those which are found to answer best the 
purposes for which they are particularly intended. 

Dr. Wollaston introduced a new kind of spectacles, called 
periscopic, from their property of giving a wider field of dis- 
tmct vision than the common onea The lenses used for this 
purpose, as shown at H and I, Jig. 19., are meniscusea, in 
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which the convexity predominates, for long-sighted persons, 
and concavo-convex lenses, in which the concavity predomi- 
nates, for short-sighted nersons. Periscopic spectacles de- 
cidedly give more imperfect vision than commcm spectacles, 
hecause they increase hoth the aberration of figure and of 
color ; but they may be of use in a crowded city, in warning 
m of the oblique apjNroach of objectsi 

Burning and Illuminating Lenses, 

(184.) (Convex lenses possess peculiar advantages for cos 
centratmg the sun*s rays, and for conveying to an immense 
distance a condensed and parallel beam of light M. Bufibn 
found that a convex lens, with a long focal length, was prefer- 
able to one of a short focal length for fusing metals by the 
concentration of the sun's ra3rs. A lens, for example, 32 
inches in diameter and 6 inches in focal length, with the di- 
ameter of its focus 8 lines, melted copper in less than a 
minute ; while a small lens 32 lines in diameter, with a focal 
length of 6 lines, and its focus f of a line, was scarcely capa- 
ble of heating copper. 

The most perfect burning lens ever constructed was exe- 
cuted by Mr. Parker, of Fleet Street, at an expense of 700/. 
It was made of flint glass, was three feet in diameter, and 
weighed 212 pounds. It was 3j; inches tliick at the centre ; 
the focal distance was 6 feet 8 inches, and the diameter of the 
ima^re of the sun in its focus one inch. The rays refracted 
by the lens were received on a second lens, in whose focus the 
objects to be fused were placed. This second lens had an ex- 
posed diameter of 13 inches ; its central thickness was 1| of 
an inch ; tiie length of its focus was 29 inches. The diameter 
of the focal image was ^ of an inch. Its weight was 21 
pounds. The combined focal length of the two lenses was 5 
feet 3 inches, and the diameter of the focal image ^ an incL 
By means of this ppwerful burning lens, platuium, gold, silver, 
copper, tin, quartz, agate, jasper, flint, topaz, garnet, asbestos, 
&c. were melted in a few seconds. 

Various causes have prevented philosophers from construct- 
ing burning lenses of greater magnitude than that made by 
Mr. Parker. The impossibility of procuring pure flint glass 
tolerably free from veins and impurities for a large solid lens ; 
the trouble and expense of casting it into a lenticular form 
without flaws and impurities ; the great increase of central 
thickness which becomes necessary by increasing the diameter 
otf* the lens ; the enormous obstruction that is thus opposed to 
the transmission of the solar rays, and the increased aber- 
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ratioD which dissipates the rays at the focal point, are insuper- 
able obstacles to ike construction of solid lenses of any con- 
siderable size. 

(185.) In order to improve a solid lens formed of one piece 
of glass, whose section isAmpBEDA, Butfon proposed to 
cut out all the glass left white in the figure, viz. the portions 
between m p^fig- 146., and n o, and between n o and the left 
hand surface of D E. A lens thus constructed would 
be incomparably superior to the solid one A m j) B E 
DA; but such a process we conceive to be imprac- 
ticable on a large scale, from the extreme difficulty 
of polishing the surfaces A m, B^, C n, F o, and 
^P the left hand sur&ce of D E ; and even if it were 
practicable, the greatest imperfections in the glasd 
might happen to occur in the parts which are left. 
m^ In order to remove these imperfections, and to 
fF construct lenses of any size, I proposed, in 1811, to 
build them up of separate zones or rings, each of 
T^ which rings was again to be composed of separate 
segments, as shown in the front view of the lens in fi^, 147. 
This lens is composed of one central lens, A B C D, corre- 
sponding with its section D E in Jig. 146., of a middle ring 
G E L I corresponding to C D E F in 
Jig. 146., and consisting of five seg- 
ments ; and another ring, N P R T, 
corresponding to A C F B, and con- 
sisting of eight segments. 

The preceding construction obvi- 
ously puts it in our power to execute ' 
these compound lenses, to which I 
have given the name of polyzonal 
lenses^ of pure flint glass free from 
veins ; but it possesses another great 
advantage, namely, that of enabling 
OS to correct, very nearly, the spherical aberration, by making 
the foci of each zone coincide. 

One of these lenses was constructed, under my direction, 
for the Commissioners of Northern Lighthouses, by Messrs. 
W. and P. Gilbert It was made of pure flint glass, was 
three feet in diameter, and consisted of many zones and seg- 
ments. Lenses of this kind have been made in France of 
crown glass, and have been introduced into the principal 
French lighthouses; a purpose to which they are infinitely 
better adapted than the best constructed parabolic reflectors 
made of metal. 
A polyzonal lens of at least fmir feet in diameter will be 
X2 
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rdfly ezecated as a barning-glass, and will, no doubt, be 
most powerful ever made. The means of executing it 
have been, to a considerable degree, supplied by the scientific 
liberality of Mr. Swinton and A&. Calder, and other gentlemen 
of Calcutta. 



CHAP. XXXIX. 

OR 8IMPLB AND OOMFOUIO) PRISMS. 

Prismatic Lenses. 

(186.) Thb general properties of the prism in refracting 
and decomposing light have already been explained ; but its 
application as an optical instrument, or as an important part of 
optical instruments, remains to be described. 

A rectangular prism, ABC, fig, 148., was first applied by 
Sir Isaac Newton as a plane mirrw for reflecting to a side the 
rays which form the image in reflecting telescopes. The 

J!^. 148. 




angles, B A C, B C A, being each 45°, and B a right angle, 
rays falling on the face A B will be reflected by the back sur- 
fiice B C as if it were a plane metallic mirror ; for whatever 
be the refraction which they suflfer at their entrance into the 
fece A B, they will suffer an equal and opposite one at the 
face B C. The great value of such a mirror is, tliat as the 
incident rays fall upon A C at an angle greater than that at 
which total reflexion commences, thei/ wilt all suffer total re- 
flexiarif and not a ray will be lost ; whereas in the best me- 
tallic speculum nearly half the light is lost A portion of 
light, however, is lost by reflexion at the two surfaces A B, 
B C, and a small portion by the absorption of the glass itself. 
Sir Isaac Newton also proposed the convex prism^ shown at 



CHAP. XXXIX. ON PRISMATIC LBNSBS. 271 

D E F, the &ces D F, F £ being ground convex. An analo> 
gous prism, called the menitcus prism, and shown at G H I, 
has been used by M. Chevalier, of Paris, for the camera ob- 
scura. It diffijrs only from Newton's in the second face, I H, 
being concave in place of convex. 

On account of the difficult execution of these prisms, I have 
proposed to use a hemispherical lens, L M N, the two convex 
surfaces of which are ground at the same time. When a 
longer focus is required, a concave lens, R Q, of a longer focus 
than the hemisphere P R Q, may be placed or cemented on 
its lower sur&ce, and if the concave lens is formed out of a 
substance of a diSerent dispersive power, it may be made to 
correct the color of the convex lens. 

A single prism is used with peculiar advantage for inverting 
pencils of li^t, or for obtaining an erect ima^ from pencils 
that would give an inverted one. This ef^t is shown in Jig. 
149., where A B C is a rectangular prism, and R R' R" a par- 
allel pencil of light, which, after being refracted at the points 




1, 2, 3, of the face A B, and reflected at the pomts a, 6, c, of 
the base B C, will be again refracted at the points 1, 2, 3, of 
the face A C, and move on in parallel lines, 3 r", 2 r', 1 r ; the 
ray R I, that was uppermost, being now undermost, as at 1 r. 

Compound and Variable Prisms, 

(187.) The great difficulty of obtaining glass sufficienllv 
pure fop a prism of any size, has rendered it extremely difn • 
cult to procure good ones ; and Yhey have therefore not been 
introduced as they would otherwise have been into optical in- 
struments. The principle upon which polyzonal lenses are 
constructed is equally applicable to' prisms. A prism con- 
structed like AT), fig, 150., if properly executed, would have 
exactly the same properties as A B (5, and would be incom- 
parably superior to it, from the light passing through such a 
small thickness of glass. It would obviously be difficult to exe- 
cute such a prism as A D out of a single piece of glass, though 
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it is quite practicaUe ; but there is no difficulty in combining 
fiix small prisms ail cut out of one prismatic rod, and therefore 




necessarily similar. The summit of the rod should have a 
flat narrow face parallel to its base, which would be easily 
done if the prismatic rod were cut out of a plate of thick par- 
allel glasfi. The separate prisms being cemented to one an- 
other, as in the figure, will form a compound prism, which 
will be superior to Qie common prism for all purposes in which 
it acts solely by refraction. 

(198.) A compound prism of a different kind, and having a 
v^tnable angle, was proposed by Boscovich, as shown in Jig: 
151., where ABC is a hemispherical convex lens, moving in 
a concave lens, DEC, of tlie same curvature. By turning 

Fif. 151. 




one of the lenses round upon the other, the inclination of the 
feces A B, D E, or A B, C E, may be made to vary from 0° to 
above 90°. 

(189.) As this apparatus is both troublesome to execute and 
difficult to use, I have employed an entirely different principle 
for the construction of a variable prism, and have used it to a 
great extent in numerous experiments on the dispersive pow- 
ers of bodies. If we produce a vertical line of light by nearly 
closing the window-shutters, and view the line with a flint 
glass prism whose refracting angle is 60°, the edge of the re- 
T^cting anglo being held vertical, or parallel tx) the line of 



CBAP. XXXIX. ON PRISMATIC LENSES. 279 

light, the laminqas line will be seen as a brig'htly colored 
spectnim, and any small portion of it will resemble almost ex- 
actly the solar spectrum. If we now turn the prism in the 
plane of <Hie of its refracting faces, so that the inclination of 
the edge to the line of light increases gradually from 0° up to 
90^ when it is perpendicular to the line of light, the spectrum 
will gradually grow less and less colored, exactly as if it were 
fixrmed by & prism of & less and less refracting angle, till at an 
inclination <^ 00° not a trace of color is left By this simple 
process, therefore, namely, by using a line of light instead of 
a circular disc, we have produced the very same effect as if 
the refracting angle of ike prism had been varied from 90^ 
down to 0°. 

(190.) Let it now be required to determine the relative dis- 
persive powers of flint glass and crown glass. Pla^'se the 
crown glass prism so as to produce the largest spectrum from 
the line of white light, and let the refracting angle of the 
prism be 40^. Then place the flint glass prism l^tvireen it 
and the eye, and turn it round, as before described, till it cor- 
rects the color produced by the crown glass prism, or till the 
line of light is perfectly colorless. The inclination of the 
edge of the flint glass prism to the line of light beinff known, 
we can easily find, by a simple formula the angle of a prism 
of flint glass which corrects the color of a prism of crown 
glass with 8 refracting angle of 40^. See my Treatise on 
New Phtlosopkical Instruments, p. 291. 

Multiplying Glass, 

(191.) This lens is more amusing than useful, and is intend- 
ed to give a number of images of the same object Though 
it has the circular form of a lens, it is nothing more than a 

Fig, 152 
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number of prisms fonned by grinding various flat ftces on the 
convex surrace of a plano-convex glSsB, as shown in Jig, 152., 
where A B is the section of a multiplying glass in which aal^ 
three of the planes are seen. A direct image of the object 
C inll be seen through the &ce G H, by the eye at E ; an- 
other image will be seen at D, by the refraction of the face 
H B> and a third at F, by the refraction of the fiice A G, an 
image being seen through eveiy plane &ce that is cut upon 
the lens. The image at C will be cdorlesa, and all those 
formed by planes iaclined to A B Will be colored in proportkxi 
to the angles which the planes form with A B. 

Natund multiplying glasses may be fwmd among trans- 
parent minerals which are crossed with veins oppositely crys- 
tallized, even though they are ground into plates with parallel 
faces. In some soecimens of Iceland spar more than a hun- 
dred finely colored images may be seen at once. The theory 
of such multiplying gusses has already been explained in 
Chap. XXIX. 



CHAP. XL. 

ON THE CAMEKA OBSCURA, MAOIO LANTERN, AND 
CAMERA LUCIDA. « 

(192.) The camera obscura, or dark chamber, is the name 
of an amusing and useful optical instrument, invented by the 
celebrated Baptista Porta. In its original state it is nothing 
more than a dark room with an opening in the wiodow-i^utter, 
in which is placed a convex lens of one or more feet focal 
length. If a sheet of white paper is held perpendicularly be- 
hind the lens, and passing through its focus, there will be 
painted upon it an accurate picture of all the objects seen 
from the window, in which the trees and clouds will appear to 
move in the wind, and all living objects to display the same 
movements and gestures which they exhibit to the eye. The 
perfect resemblance of this picture to nature astonishes and 
delights every person, however <Aen they may have seen it 
The image is of course inverted, but if we look over the top 
of the paper it will be seen as if it were erect The ground 
on which the picture is received should be hollow, and part of 
a sphere whose radius is the focal distance of the convex lens. 
It is customary, therefore, to make it of the whitest plaster of 
Paris, with as smooth and accurate a sur&ce as possible. 

In order to exhibit the picture to several spectators at once, 
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and to enable any person to copy it, it is desirable that the 
image should be formed upon a horizontal table. This may 
be done by means of a metallic mirror, placed at an angle o? 
45° to the refracted rays, which will reflect the picture upon 
the white ground lying horizontally; or, as in the portable 
camera obscura, it may be reflected upwards by tlie mirror, 
and received on the lower side of a plate of ground glass, with 
its rough side uppermost, upon which the picture may be 
copied with a fine shaip-pointed pencil. 

A very convenient portable camera obscura for drawing 
landscapes or other objects is shown in fig. 153., where A B 
is a meniscus lens, with its concave side uppermost, and the 
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radius of its convex surface being 
to the radius of its concave sur- 
&)ce as 5 to 8, and C D a plane 
metallic speculum inclined at an 
angle of 45° to the horizon, so as 
to reflect the landscape downwards 
through the lens A B. The 
draughtsman introduces his head 
through an opening in one side, 
and his hand with the pencil 
through another opening, made in 
such a manner as to allow no light 
to fall upon the picture which is 
exhibited on the paper at E F. 

^ The tube containing the mirror 

^ ^ and lens can be turned round by a 

rod within, and the inclination of the mirror changed, so as to 
introduce objects in any part of the horizon. 

When the camera is intended for public exhibition, it con- 
sists of the same parts similarly arranged ; but they are in 
this case placed on the top of a building, and the rotation of 
the mirror, and its motion in a vertical plane, are efiected by 
turning two rods within the reach of the spectator, so tliat he 
can introduce any object into the picture from all points of the 
compass and at all distances. The picture is received on a 
table, whose surface is made of stucco, and of the same radius 
as the lens, and this surface is made to rise and fall to accom- 
modate it to the change of focus produced by objects at dif- 
ferent distances. A camera obscura which throws the image 
down upon a horizontal surfece may be made without any 
mirror, by using any of the lenticular prisms D E F, G H I, 
M L N, when the objects are extremely near, and P R Qtfig, 
148. The convex sur&ces of these prisms converge the rays 
.which are reflected to their focus by the flat laces D E, G H, 
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L N, and P Q; these lenticular prisms may be formed by ce- 
menting plano-convex or concave lenses on the faces A B, B C 
of the rectangular prism A B C, or the convex lens may be 
placed near to A R 
If we wish to form an. erect image on a vertical plane, the 

tirism ABC, fig, 148., may be placed in front of the convex 
ens, or immediately behind it. The same effect might be 
produced by three reflexions firom three mirrors or specula. 

I have found that a peculiarlv brUliant efiect is given to the 
images formed in the camera obecura when they are received 
upon the silvered back of a looking-glass, smoothed by grind- 
ing it with a flat and soft hone, m the portable camera ob- 
scura I find that a film of skimmed milk, dried upon a plate of 
glass, is superior to ground glass for the reception of image& 
A modification of Uie camera obscura, called the megascope, 
is intended for taking magnified drawings of small objects 
placed near the len& In this case, the distance of the image 
behind the lens is greater than the distance of the object ^ 
fore it By altering the distance of the object, the size of the 
image may be reduced or enlarged. The hemispherical lens 
L iiN^fig. 148., is particularly adapted fi)r the megascope. 



Magic Lantern, 

(19d.) The magic lantern, an invention of Kircher, is 
shown in fig, 154., where L is a lamp with a powerful Argand 
burner, placed in & dark lantern. On one side of the lantern 




is a concave mirror M N, the vertex of which is opposite to 
Uie centre of die flame, which is placed in its focus. In the 
opposite side of the lantern is fixed a tube A B, containing a 
nemisphorical illuminating lens A, and a convex lens B; be- 
IWMD A and B the diameter of the tube is increased for the 
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purpose of allowiiig sliders to be introduced through the slit 
C D. These sliders contain 4 or 5 pictures, each painted and 
highly colored with transparent varnishes, and, by sliding 
them through C D, any of the subjects may be introduced into 
the axis of the tube and between the two lenses A, R The 
Ught of the lamp L, increased by the light reflected from the 
mirror falling upon the lens A, is concentrated by it upon the 
picture in the slider ; and this picture, being in one of the 
conjugate foci of the lens B, an enlarged image of it will be 
paint^ on a white cloth, or on a screen of white paper, E, 
standiuflp or suspended perpendicularly. The distance of the 
lens B m)m the object or the slider may be increased or dimin- 
ished by pulling out or pushing in the tube B, so that a distinct 
picttire of the object may be formed of any size and at any 
distance from B, within moderate limits. If the screen £ F is 
made of fine semi-transparent silver paper, or fine muslin 
properly prepared, the imiffe may be distinctly seen by a spec- 
tator on the other side of the screen. 

(194.) The phantasmagoria is nothing more than a magic 
lantern, in which the images are received on a transparent 
screen, which is fixed in view of the spectator. The magic 
lantern, mounted upon wheels, is made to recede from or ap- 
proach to the screen ; the consequence of which is, that the 
picture on the screen expands to a gigantic size, or contracts 
into an invisible object or mere luminous spot The lens B is 
made to recede firom the slider in C D when the lantern ap- 
proaches the screen, and to approach to it when the lantern 
recedes from the screen, in onler that the picture upon the 
screen may always be distinct This may be accomplished, 
according to Dr. lounff, by jointed rods or levers, connected 
with the screen, which pull out or push in the tube B ; but 
we are of opinion that the required efiect may be much more 
elegantly and efficaciously produced by the simplest piece of 
mechanism connected with the wheels. 

Camera Lucida, 

(195.) This instrument, invented by Dr. Wollaston in 1807, 
has come into very general use for drawing landscapes, de- 
lineating objects of natural history, and copymg and reducing 
drawings. 

Dr. Wollaston's form of the instrument is shown in Jig, 
155., where A B C D is a glass prism, the angle BAD being 
90°, ADC 674°, and D C B 135°. The rays proceeding from 
any object, M N, after being reflected by tLe faces D C, C B 
.0 the eye, £, placed above the angle B, the observer will see 
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an image m n of the object M N projected upon a piece of 
paper at m n. If the eye is now brought down close to the 




angle B, so that it at the same time sees into the prism Vith 
one-half of the pupil, and past the angle B with the other half, 
it will obtain distinct vision of the image m n, and also see the 
paper and the point of the pencil. Hie draughtsman has, 
therefore, only to trace the outline of the image upon the 
paper, the image being seen with half of the pupil, and the 
paper and pencil with the other half. 

Many persons have acquired the art of using this instru- 
ment with great facility, while others have entirely failed. In 
examining the causes of this ^ilure, professor Amici, of Mo- 
dena, succeeded in removing them, and has proposed various 
forms of the instrument free from the defects of Dr. WoUas- 
ton's.* The one which M. Amici thinks the best is shown in 

Fig. 156. 




• An account of these various forms will be found in the Bdin^unrk 
Journal qf Science, No. V. p. 157. JJ-iiMnwyji 
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Jig. 156., where A B C D is a piece of thick parallel glass, 
*F G H C a metallic mirror, whose face, F G, is highly polish- 
ed, and inclined 45° to B C. Rays frcxn an object, M N, after 
passing through the glass A B C D, are reflected from F G, 
and atterwards from the face B C of the glass plate to the eye 
at £, by which the object, M N, is seen at m n, where the 
paper is placed. The pencil and the paper axe readily seen 
through the plane ghiss A B C D. In onier to make the two 
faces of the glass, AD, B C, perfectly parallel, M. Amici 
forms a triangular prism of glass, and cuts it through the 
middle ; he then joins the two prisms or halves, A D C, C A B, 
so as to form a parallel plate, and by slightly turning round 
the prisms, he can easily find the position in which the two 
ftoes are perfectly parallel. 



CHAP. XLL 

ON HICROOOOPB8L 

A MICROSCOPE is an optical instrument for magnifying and 
examining minute objects. Jansen and Drebell are supposed 
to have separately invented the single microscope, and Fon- 
tana and Galileo seem to have been the first who constructed 
the instrument in its compound form. 

Single Microscope, 

(196.) The single microscope is nothing more than a lens 
or sphere of any transparent substance, in the focus of which 
minute objects are placed. The rays which issue from each 
point of the object are refracted by the lens into parallel rays, 
which, entering the eye placed immediately behmd the lens, 
af&rd distinct vision of the object The magnifying power 
of all such microscopes is equal to the distance at which we 
could examine the object most distinctly, divided by the focal 
length of the lens or sphere. If this distance is 5 inches, 
which it does not exceed in good eyes when they examine mi- 
nute objects, then the maguSying power of each lens will be 
as follows: — 

roosl teogth !■ Umnr iii«nlfyiiig Sapmfleial mamliyinc 
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The linear nmgnifying power is the number of times an 
object is magnified in lei^ftb, and the sv^^JUmU magnifying 
power is the number of times that it is magnified in sui&ce. 
if the object is a small square, then a lens of one inch £jcus 
will magnify the side of the square 5 times, and its area or 
Burfiice :^i timesL 

The best single microscopes are minute lenses ground and 
polished on a concave tool ; but as the perfect execution of 
these requires considerable skUl, small spheres have been often 
constructed as substitutes. Dr. Hooke executed these spheret^ 
in the following manner : having drawn out a thin strip of 
windoW'glass into threads by the fiame of a lamp, he held one 
of these threads with its extremity in or near the flame, till it 
ran into a globule. The globule was then cut ofi^ and placed 
ahi)vo a small aperture, so that none of the rays which it 
transmitted passed through the part where it was joined to the 
thread of glass. He sometimes ground off the end of the 
thread, and polished that part of the sphere. Father di Torre 
of Naples improved these globules by placing them in small 
cavities in a piece of calcined tripoli, and remelting them 
witli the blowpipe ; the consequence of which was, that they 
assumed a perfectly spherical form. Mr. Butterfield executed 
similar spheres by taking upon the wetted point of a needle 
some finely pounded glass, and melting it by a spirit lamp into 
a globule. If tlie part next the needle was not melted, the 
globule was removed from tiie needle and taken up with the 
wetted needle on its round side, and again presented to the 
flame till it was a perfect sphere. M. Sivright, of Meggetland, 
has made lenses by putting pieces of glass in small round 
apertures between the 10th and 20th of an inch, made in pla- 
tinum leaf. They were then melted by the blowpipe, so that 
the lenses were made and set at the same time. 

Mr. Stephen Gray made globules for microscopes by insert- 
ing drops of water m small apertures. I have made them in 
the same way with oils and varnishes ; but the finest of all 
single microscopes may be executed by formmg minute plano- 
convex lenses upon glass with different fluids. I have also 
formed excellent microscopes by using the spherical crystal- 
line lenses of minnows and other small fish, and taking care 
that the axis of the lens is the axis of vision, or that tJe oU 
server looks through the lens in the same manner that the fish 
did.* 

The most perfect single microscopes ever executed of solid 
substances are those mswie of the gems, such as garnet, ruby 

See Bdiuburffk Journal of Science, No. III. p. 96. 
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sapphire^ and diamond. The advantapfcs of such lenses I first 
pointed out in my Treatise on Philosophical Instruments, 
and two lenses, one of ruby and another of garnet, were exe- 
cuted for me by Mr. Peter Hill, optician in Edinburgh. These 
lenses performed admirably, in consequence of their producing, 
with surfaces of inferior curvature, the same magnifying 
power as a glass lens ; and the distinctness of the image was 
increased by their absorbing the extreme blue rays of the 
spectrum. Mr. Pritchard, of London, has carried this branch 
df the art to the highest perfection, and has executed lenses 
of sapphire and diamond of great power and perfection of 
workmanship. 

When the diamond can be procured perfectly homogeneous 
and free from double refraction, it may be wrought into a lens 
of the highest excellence ; but the sapphire, which has double 
refraction, is less fitted for this purpose. Garnet is decidedly 
the best material for single lenses, as it has no double refrac- 
tion, and may be procured, with a little attention, perfectly 
pure and homogeneous. I have now in my possession two 
garnet microscopes, executed by Mr. Adie, which far surpass 
every solid lens I have seen. Their focal length is between 
the 30th and the 50th of an inch. Mr. Veitch, of Inchbonny, 
has likewise executed some admirable garnet lenses out of a 
Greenland specimen of that mineral given to me by Sir Charles 
Giesecke. 

(197.) A single microscope, which occurred to me some 
years ago, is shown in^^. 157., and consists in a new method 
of using a hemispherical lens so as to obtain from it twice 




the magnifying power which it possesses when used in the 
common way. If A B C is a hemispherical lens, rays issuing 
from any object, R, will be refracted at the first surface A C, 
and, after total reflexion at the plane surface B C, will be 
again refracted at the second surface A B, and emerge in par- 
Y2 
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allel directions d ef, exactly jn the same manner as if they 
had not been reflected at the points a, 6, c, but had passed 
through the other half B A' C of a perfect sphere A B A' C. 
The object at R will therefore be magnified in the same man- 
ner, and will be seen with the same distinctness as if it had 
been seen through a sphere of glass A B A' C. We obtain, 
consequently, by this contrivance, all the advantages of a 
spherical lens, which we believe never has been executed by 
grinding. The periscopic principle, which will presently 
be mentioned, may be communicated to this catoptric lens, as 
it may be called, by merely grinding oflT the angles B C, or 
rough grinding an annular space on the plane surface B C. 
The confusion arising from the oblique refractions will thus 
be prevented, and the pencils from every part of the object 
will MX symmetrically upon the lens, and be symmetrically 
refracted. 

Before I had thought of this lens, Dr. Wollaston had pro- 
posed a method of improving lenses, which is shown in fig. 
Fig,iS6. 1^' He introduced between two plano- 
convex lenses of equal size and radius, a 
plate of metal with a circular aperture equal 
to |th of the focal length, and when the 
aperture was well centered, he found that 
the visible field was 20° in diameter. In 
this compound lens the oblique pencils pass, 
like the central ones, at right angles to the 
surface. If we compare this lens with the 
catoptric one above described, we shall see 
that the effect which is produced in the one 
case with two spherical and two plane surfaces, all ground 
separately, is produced in the other case by one spherical and 
one plane surface. 

(198.) The idea of Dr. Wollaston may, however, be im- 
proved m other ways, by filling up the central aperture with 

Fig. 159. 
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a cement of the eame refractive power as the lenses, or, what 
is far better, by taking a sphere of glass and grinding away 
the equatorial parts, so as to limit the centrd aperture, as 
shown in fig, 159. ; a construction which, when executed in 
garnet, anl used in homogeneous light, we conceive to be the 
most perfect of aU lenses, either for single microscopes, or for 
the object lenses of compound ones. 

When a single microscope is used for opaque objects, the 
lens is placed within a concave silver speculum, which con- 
centrates parallel or converging rays upon the face of the ob- 
ject next the eye. 

Compound Microscopes, 

(199.) When a microscope consists of two or more lenses 
or specula, one of which forms an enlarged image of objects, 
while the rest magnify that image, it is called a compound 
microscope. The lenses, and the progress of the rays through 
them in such an instrument, are shown in fig. 160., where 
A B is the object glass, and C D the eye glass. An object, 

J^^. 160. 




M N, placed a little &rther from A B than its principal focus, 
will have an enlarged image of itself formed at m n in an in- 
verted position. If this e^arged image is in the focus of an- 
other lens, C D, placed nearer the eye than in the figure, it 
will be again magnified, as if m n were an object The mag- 
nifying effect of 3ie lens A B is found by dividing the distance 
of the image m n from the lens A B by the distance of the 
object from the same lens ; and the magnifying effect of the 
eye glass C D is found by the rule for single microscopes ; and 
these two numbers being multiplied together, will be the 
magnifying power of the compound microscope. Thus, if M A 
is Jth of an inch, A n, 5 inches, and C n ^ an inch, (jn n beinff 
supposed in the focus of C D,) the effect of the lens A B wiU 
be 20, and that of C D 10, and the whole power 200. A larger 
lens than any of the other two, called the field glass, and 
shown at E F, is generally placed between A B and the image 
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m n, for the parpoee of enhrgmg the field of view. It haa 
the effect of diminiBhing the magnifying power of the instru- 
ment by filming a amuler image at v «, which is magnified 
by CD. 

The ingenuity of philosophers and of artists has been nearly 
exhatisted in devising the best tbrms of object glasses and of 
eye glasses for the compound microscope. Mr.Coddin^n 
has recommended four lenses to be emplojred in the eye piece 
of compound microscopes, as shown in fig. 161. ; and along 
with these he usesi as an object glass, the sphere excavated at 



Fif. 161. 




the equator, as in Jig. 159., for the purpose of reducing the 
aberration and dispersion. »* With a sphere," says he, " prop- 
erly cut away at the centre, so as to reduce the aberration and 
dispersion to insensible quantities, which may be done most 
completely and most easily, as I have found m practice, the 
whole image is perfectly distinct, whatever extent of it be 
taken ; and the radius of curvature of it is no less than the 
focal length, so that the one difficulty is entirely removed, and 
the other at least diminished to one-half. Besides all this, 
another advantage appears in practice to attend this construc- 
tion, which I did not anticipate, and for which I cannot now 
at all account I have stated that when a pencil of rays is 
admitted into the eye, which, having passed without deviation 
through a lens, is bent by the eye, the vision is never free 
from the colored fringes produced by excentrical dispersion. 
Now, with the sphere I certainly do not perceive this defect, 
and I therefore conceive that if it were possible to make the 
spherical glass on a very minute scale, it would be the most 
perfect simple microscope, except, perhaps, Dr. WoUaston's 
doublet. * * * Now, the sphere has this advantage, that it is 
more peculiarly fitted for the object glass of a compound in- 
strument, since it gives a perfectly distinct image of any re- 
quired extent, and that, when combined with a proper eye 
piece, it may without difficulty be employed for opaque ob- 
jects."* The difficulty of making the spherical glass on a 

* Cambridge TVansaeHons, 1830. 
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very minate scale, which Mr. Coddington here mentions, and 
which is by no means insurmountable, is, I conceive, entirely 
removed by substituting a hemisphere, as shown in fig, 157., 
and contracting the aperture in the manner there mentioned. 
Dr. Wollaston's microscopic doublet shown infig* 162., con- 
sists of two plano-convex lenses m, n, 
with their plane sides turned towards 
the object Their foal lengths are as 
one to three, and their distance from lyV 
to IJ inch, the least convex bein^ next 
ki M the eye. The tube is about six mches 

(^ I / \ long, having at its lower end, C D, a cir- 

cular perforation about -f^ of an inch in 
diameter ; through which light radiating 
from R is reflected by a plane mirror ab 
below it At the upper end of the tube 
is a plano-convex lens A B, about ^ of an 
inch focus, with its plane side next the 
observer, the object of which is to form 
a distinct ima^ of the circular perfora- 
tion, at e, at the distance of about -^ of 
an inch from A R With this instrument. 
Dr. Wollaston saw the finest strise and 
serratures upon the scales of the lepisma 
and podura, and upon the scales of a 
gnat s wing. 

(200.) Double and triple achromatic 
lenses have been recently much used for 
^B. the object glasses of microscopes, and 
two or three of them have been com- 
bined; but though they nerform well 
they are very expensive, and by no means 
superior to other instruments that are properly constructed.* 
The power of using homogeneous light, indeed, renders them 
in a great measure unnecessary, especially as we can employ 
either of Mr. Herschel's double lenses shown in figs. 43. and 
44., which are entirely free from spherical aberration. One of 
these, fig. 44, has been executed ^ of an inch focus, with an 
aperture of -j^ of an inch ; and Mr. Pritchard, to whom it be- 
longs, informs us that it brin^ out all the test objects, and C!X- 
hibits opaque ones with facility. 

In applying the compound microscope to the examination ot 
objects of natural history, I have recommended the immersion 
of the object in a fluid, for the purpose of expanding it and 

* See Edinburgh Journal qf Science, No. VIII. new Beriea p. 244 
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py'mg its minnte parts their proper position and appearance. 
In order to render this method perfect, it is proper to immerse 
the anterior surface of the object glass in the same fluid which 
holds the object ; and if we use a fluid of greater dispersive 
power than the object glass, and accomnx^ate the interior 
surfiice to the difference of their dispersive powers* the object 
glass may be made petfectl;^ achromatic. The superiority of 
such an mstrument in viewing animalcule and the molecules 
of bodies noticed by Mr. Brown, does not require to be pointed 
out 

On Reacting Microscopes. 

(201.) The simplest of all reflecting microscopes is a con 
cave mirror, in which the lace of the ^server is always mag- 
nified when its focus is more remote than the observer. When 
the mirror is very concave, a small object m n, Jig. 14., will 
have a magnified picture of it formed at M N; and when this 
picture is viewed by the eye, we have a single reflecting mi- 
croscope, which magnifies as many times as the distance A n 
of the object fimn the mirror is contained in the distance A M 
of the image. 

But if, instead of viewing M N with the naked eye, we 
magnify it with a lens* we convert the simple reflecting mi- 
croscope into a compound reflecting microscope, composed of 
a mirror uid a lens. This microscope was first proposed by. 
Sir Isaac Newton ; and after being long in disuse has been re- 
vived in an improved form by Prc&asor Amici of Modena. He 
made use of a concave ellipsoidal reflector, whose focal dis- 
tance was 2/y inches. The image is formed in the other focus 
of the ellipse, and this unage is magnified by a single or double 
eye piece, eight inches from the reflector. As it is imprac- 
ticable to illuminate the object m n when situated as in fig. 
14., professor Amici placed it without the tube or below the 
line B N, and introduced it into the speculum A B by reflexion 
from a small plane speculum placed between m n and A B, 
and having its diameter about half that of A B. 

Dr. Goring, to whom microscopes of all icinds owe Bo many 
improvements, has greatly improved this instmment He uses 
a small plane speculum less than ^ of the diameter of the 
concave speculum, and employs the following specnki of very 
short focal distances : — 
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That ingenious artist Mr. Cuthbert, who executed these im* 
provementfi, has more recently, under Dr. Gonng^s direction, 
finished truly elliptical specula, whose aperture is equal to 
their focal length. This he has done with specula having 
half an inch focus and half an inch aperture, and three tentfu 
of an inch focus and three tenths of an inch aperture. Dr, 
Goring assures us that this microscope exhibited a set of lon- 
gitudinal lines on the scales of the podura in addition to the 
two sets of diagonal ones previously discovered, and two sets 
of diagonal lines on the scales of the cabbage butterfly in ad- 
dition to the longitudinal ones with the cross stripe, hitherto 
observed.* 

On Test Objects. 

(202.) Dr. Goring has the merit of having introduced tlie 
use of test objects, or objects whose texture or markings re- 
quired a certam excellence in the microscope to be well seen. 
A few of these are shown in j^. 163. as given by Mr. Pritch- 
ard. A is the wing of the menelaus^ B and C the hair of the 




eat, and D and E the hair of the mouse. The most difficult 
o^ all the test objects are those in the scales of the podura and 
iie cabbage butterfly mentioned above. 

Rides for microscopic Observations. 

(203.) 1. The eye should be protected from all extraneous 
ight, and should not receive any of the light which proceeds 
from the illuminating centre, excepting what is transmitted 
through or reflected from the object 

2^ Delicate observations should not be made when the fluid 
which lubricates the cornea is in a viscid state. 

3. The best position for microscopical observations is when 

* See Edinburgh Journal of Sciejue, No. IV. new serici, p. 3S1. 
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the observer is lying horizontally on his back. This aripes 
from the perfect stability of his head, and from the equality 
of the lubricating film of fluid which covers the cornea. The 
worst of all positions is that in which we look downwards ver- 
tically. 

4. If we stand straight up and look horizontally, narallei 
markings or lines will be seen most perfectly when their di- 
rection is vertical ; viz. the direction m which the lubricating 
fluid descends over the cornea. 

5. Every part of the object should be excluded, except that 
which is under immediate observation. 

6. The light which illuminates the object should have a 
very small diameter. In the day-time it should be a single 
hole in the window-shutter of a darkened room, and at night 
an aperture placed before an Argand lamp. 

7. In all cases, particularly when high powers are used, 
the natural diameter of the illuminating light should be di- 
minished, and its intensity increased, by optical contrivances. 

8. In every case of microscopical observations, homogeneous 
yellow light, procured from a monochromatic lamp, should be 
employed. Homogeneous red light may be obtainea by colored 
glasses.* 



Solar Microscope. 

(204.) The solar microscope is nothing more than a magic 
lantern, the light of the sun being used instead of that of a 
lamp. The tube A B, fig, 154., is inserted in a hole in the 
window-shutter, and the sun's light reflected into it by a long 
plane piece of looking-glass, which the observer can turn 
round to keep the light in the tube as the sun moves through 
the heavens. 

Living objects, or objects of natural history, are put upon a 
^lass slider, or stuck on the point of a needle, and introduced 
into the opening C D, so as to be illuminated by the sun's rays 
concentrated by the lens A. An enlarged and brilliant image 
of the object will then be formed on the screen E F. 

Those who wish to see the various external forms of micro- 
scopes of all kinds, and the different modes of putting them 
up, are referred to the article Microscope, in the Edinburgh 
Encydopiediat vol. xiv. p. 215 — ^233. In the latest work on 
the microscope, viz. Dr. Goring and Mr. Pritchard's " Micro- 
scopical Illustrations," London, 1830, the reader will find 
much valuable and interesting information. 

* See the article Microscope, Edinburgh EneycioptBdia^ vol. xiv. p. ^8. 
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CHAP. XIJI. 

ON REFRACTING AND REFLECTING TBLBSOOPBB. 

Astronomical Telescope. 

(205.) That the telescope was invented ih the thirteentfi 
century, and perfectly known to Roger Bacon, and that it was 
used in England by Leonard and Thomas Digges before the 
time of Jansen or Galileo, can scarcely admit ofa doabt The 
principle of the refracting telescope, and the method of com- 
puting its magnifying power, have been already explained. 
We shall therefore proceed to describe the different forms 
which it successively assumed. 

The astronomical telescope is represented in fig, 164. It 
consists of two convex lenses A B, C D, the former of which 




is called the object glass, from being next the object M N, and 
the latter the eye glass, from its bemff next the eye R The 
object glass is a lens with a long focal distance ; and the eye 
glass is one df a short focal distance. An inverted image m n 
of any distant obiect M N is formed in the focus of the <^ect 
glass A B ; and this image is maffnified by the eye glass C D, 
m whose anterior focus it is placed. By tracing the rays 
through the two lenses, it will be seen that they enter the eye 
E parallel If the object M N is near the observer, the image 
mn will be found at \ greater distance from A B; and the 
eye glass C D must be drawn out from A B to obtain distinct 
vision of the image m n. Hence it is usual to fix the object 
glass A B at the end of a tube longer than its focal distance, 
and to place the eye glass C D in a small tube, called the eve 
tube, which will slide out of, and into, the larger tube, for the 
purpose of adjusting it to objects at different distances. The 
magnifying power of this telescope is equal to the focal length 
of the object glass divided by the focal length of the eye glass. 
Telescopes of this construction were made by Campani 
Divini and Huygens, of the enormous length of 120 and 136 
feet; and it was with instruments 12 and 24 feet long that 
lluygens discovered the ring and the fourth satellite of Saturn. 
Z 
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In order to use object glasses of such great focal lengths with- 
out the encumbrance of tubes, Huygens placed the object 
gl iss m a short tube at the top of a very long pole, so that 
t;i.^ tube could be turned in every possible direction upon a 
ball anl s(x:ket by means of a string, and brought into the 
same line with another short tube containing the eye glass, 
which he held in his hand. 

As these telescopes were liable to all the imperfections 
arising from the aberration of refrangibility and that of spher- 
ical ti^ure, they could not show objects distinctly when the 
aperture of the object glass was great ; and on this account 
their magnifying power was limited. Huygens found that the 
following were the proper proportions : — 
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In the astronomical telescope, the object, M N, is always seen 
inverted. ^ 

Terrestrial Telescope, 

(206.) In order to accommodate this telescope to land ob- 
jects which require to be seen erect, the instrument is con- 
structed as in Jig: 165., which is the same as the preceding 
one, with the addition of two lenses E F, G H, which have the 

Fig. 165. 




same focal length as C D, and are placed at distances equal to 
double their common focal length. If the focal lengths are not 
equal, the distance of any two of them must be equal to the 
sum of their focal lengths. In this telescope the progress of 
the rays is exactly the same as in the astronomical one, as far 
as L, where the two pencils of parallel rays C L, D L cross in 
the anterior focus L of the second eye glass E F. These rays 
filling on E F form in its principal focus an erect image, m' n 
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which is seen erect by the third eye glass G H, as the rays 
diverging from m' and n* in the focus of G H enter the eye 
in parallel' pencils at E'. The magnifying power of this tele- 
scope is the same as that of the former when the eye glasses 
are equaL 

Galilean Telescope. 

(207.) This telescope, which is the one usea oy Galileo, 
differs in nothing from the astronomical telescope, excepting 
in a concave eye glass C D, fig, 166. being substituted for the 
convex one. The concave lens C D is placed between the 

J^.166. 




image m n and the object glass, so that tlie image is in the 
principal focus of the concave len& The pencils of rays 
A B n, A B m fall upon C D, converging to its principal focus, 
and will therefore he refracted into parallel lines, which will 
enter the eye at £, and give distinct vision of the object The 
magnifying power of this telescope is found by the same rule 
as that for the astronomical telescope : it gives a smaller and 
less agreeable field of view than the astronomical telescope, 
but it has the advantage of showing the object erect, and of 
giving more distinct vision of it 

Gregorian Reflecting Telescope. 

(208.) Father Zucchius seems to have been the first person 
who magnified objects by means of a lens and a concave spec- 
ulum ; but there is no evidence that he constructed a reflecting 
telescope with a small speculum. 

James Gregory was the first who described the construction 
of this instrument, but he does not seem to have executed 
one ; and the. honor of doing this with his own hands was re- 
served for Sir Isaac Newton. 

The Gregorian telescope is shown in fig. 167., where A B 
is a concave metallic speculum with a hole in its centre. For 
very remote objects the curve of the speculum should be . a 
parabola. For nearer ones it should be an ellipse in whose 
farther focus is tlie object, and in whose nearer focus is the 
image ; and in both these cases the speculum would be free 
from spherical aberration. But, as these curves cannot be 
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communicated with certainty to specula, opticians are satisfied 
with giving to them a correct spherical figure. In front of the 

Flff. 167. 




large speculum is placed a small concave one, C D, which 
can be moved nearer to and &rther from the large speculum 
by means o€ the screw W at the side of the tube. This spec- 
ulum should have its curvature elliptical, though it is gene- 
rally made spherical. An eye-piece consisting of two convex 
lenses, £, F, placed at a distance equal to half the sum of their 
ibcal lengths, is screwed into the tube immediately behind the 
ffreat speculum A B, and permanently fixed in that position. 
If rays M A, N B, issuing nearly parallel from the extremities 
M and N of a distant object, fall upon the speculum A B, they 
will fi>rm an inverted image of it at m n, as more distmcUy 
shown in Jig. 14. 

If this ima^ m n is farther from the small speculum € D 
than its principal focus, an inverted image of it, m' n', or an 
erect image or the real object, smce m n is itself an inverted 
one, will be formed somewhere between £ and F, the rays 
passing through the opening in the speculum. This image 
m' n' might have been viewed and magnified by a convex eye 
glass at F, but it is preferable to receive the converging rays 
upon a, lens E called the field glass, which hastens their con- 
vergence, and forms the image of w n in the focus of the lens 
F, by which they are magnified ; or, what is the same thing, 
the pencils diverging from the image m' ?i' are refracted by F, 
so as to enter the eye parallel, and give distinct vision of the 
iipage. If the object M N is brought nearer the speculum 
A B, the image of it, m w, will recede from A B and approach 
to C p ; and, consequently, the other imaee m' n' in the con- 
jugate focus of .C D will recede from its place m!n\ and cease 
to be ^en distinctly. In order to restore it to its place m' n\ 
we have only to turn the screw W, so as to remove C D 
farther from A B, and consequently Ikrther from m n, which 
Will cause the image m' n' to appear perfectly distinct as be- 
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fore. The mag'nifying' power of this telescope may be found 
by the following rule : — 

. Multiply the focal distance of the great speculum by the 
distance of the small mirror from the image next the eye, as 
formed in the anterior focus of the convex eye glass, and mul- 
tiply also the focal distance of the small speculum by the focal 
distance of the eye glass. The quotient arising from dividing 
the former product by the latter will be the magnifying power. 
This rule supposes the eye-piece to consist of a single lena 
The following table, showing the focal lengths, apertiu-es, 
powers, and prices of some of Short's telescopes, will exhibit 
the great superiority of reflecting telescopes to refracting 
ones : — 
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Cassegrainian Telescope, 

(209.) The Cassegrainian telescnpe^ proposed by M. Cas- 
eegrain, a Frenchman, differs from the Gregorian only in hav- 
ing its small speculum C D,^/or. 168., convex instead of con- 
cave. The speculum is therefore placed before the image m n 

Fi^. 168. 




of the object M N, and an image of M N will be formed at 
m' n' between E and F as in the Gregorian instrument The 
advantage of this ferm is, that the telescope is shorter than 
the Gregorian by more than twice the focal length of tho 
small speculum; and it is generally admitted that it gives 
more light, and a distincter image, in consequence of the con- 
vex speculum correcting the aberration of the concave one. 
Z2 
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Newtonian Telescope, 

^10.) Tlie Newtonian telescope, which may be regarded 
BE an improvement upon the Gregorian one, is represented in 
fig. 169., where A B is a concave speculum, and m n the in- 
verted image which it fartqa of the object from which the rays 

Fiff. 169. 
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M, N proceed. As it is impossible to introduce the eye into 
the tube to view this image without obstructing the light 
which comes from the object a small plane speculum C D, in- 
clined 45° to the axis of the large speculum, and of an oval 
form, its axes being to one another as 7 to 5, is placed between 
the speculum and Sie image m n, in order to reflect it to a side 
at fit' n', so that we can magnify it witli an eye glass £, which 
causes the rays to enter the eye parallel. The small mirror 
is fixed upon a slender arm, connected with a slide, W which 
the mirror may be made to approach to or recede from the 
large speculum A B, according as the image m n approaches 
to or recedes from it This adjustment might also be effected 
by moving the eye lens E to or firom the small speculum. The 
magnifying power of this telescope is equal to the focal length 
of Uie great speculum divided by that of the eye glass. 

As about half of the light is lost in metallic reflexions, Sir 
Isaac Newton proposed to substitute, in place of the metallic 
speculum, a rectangular prism ABC, fig, 148., in which the 
light sufiers total reflexion. For this purpose, however, tlie 
glass requires to be perfectly colorless and free from veins, 
and hence such a prism has rarely been used. Sir Isaac 
also proposed to make the two faces of the prism convex, as 
D E P, fig, 148., and by placing it between the image m n 
and the object, he not only erected the image, but was enabled 
to vary the magnifying power of the telescope. The original 
telescope, constructed by Sir Isaac's own hands, is preserved 
in the library of the Royal Society. 

The following table shows the dimensions of Newtonian 
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telescopes, which we have computed by taking a fine telescope 
made by Hawksbee as a standard : — 



ftpcal leacth of gn«t 
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(211.) On account of the great loss of light in metallic re- 
flexions, which, according to the accurate experiments of Mr. 
R. Potter, amounts to 45 rays in every 100, at an incidence of 
45S* and the imperfections of reflexion, which even with per- 
fect aur&ces make the rays stray ^ve or nx times more than 
the same imperfections in refracting surfiicea, I have proposed 
to construct the Newtonian telescope, as shown in Jig. 170., 
where A B is the concave speculum, m n the image of the 

Figs 170. 




object M N, and C D an achromatic prism, which refracts th^ 
image m n into an oblique position, so that it can be viewed 
by the eye at E through a magnifying lens. Nothing more is 
required by the prism than to turn the rays as much aside as 
wDl enable the observer to see the image without obstructinff 
the rays from the object M N. As the prisms of crown and 
flint glass which compose the achromatic prism may be ce- 
ment^ by a substance of intermediate refractive power, no 
more light will be lost than what is reflected at the two sur- 
faces. 

In place of setting the small speculum, C D, of the New- 
tonian telescope, fig, 169., at 45°, to the incident rays, I have 
proposed to place it much more obliquely, so as to reflect the 
?mage m n, fig, 170., out of the way of the observer, and no 
%rther. This would of course require a plane speculum, C D, 



* EdvOmrgh Journal of Science, No. VI., new leries, p. 283. 
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of mach greater length ; bot the greater obliquity of the re- 
flexion would inore than compensate fer this inconvenience. 
It might be advisable, indexed, to use a small speculum of dark 
ghss, of a hiirh refractive power, which at great incidences 
redacts as much light as metals, and which is capable of 
being brought to a much finer sar&ce. The fine surfiices of 
some crystals, such as ruby silver, oxide of tin, or diamond, 
might be used. 

A Newtonian reflector, without an eye glass, may be made 
by u^g a reflecting glass prism, with one or both of its sur- 
faces concave, when the prism is placed between the image 
m n and the great speculum, so as to reflect the rays parallel 
to the eye. The magnifying power will be equal to the focal 
length of the great specalum, divided by the radius of the 
concave suriace of the prism if both the suriaces are concave, 
and of equal ooncavity, or by twice the radius, if only one 
surfiice is concave. 

Sir William HerscheVs Telescope. 

(212*) The fine Gregorian telescopes executed by Short 
were so superior to any other reflectors, that the Newtonian 
form oi the instrument fell into disuse. It was revived, how- 
ever, by Sir VV. Herschel, whose labors form the most brilliant 
epoch in optical science. With an ardor never before exhibits 
ed, he constructed no fewer than 200 seven feet Newtonian 
reflectors, 150 ten feet, and 80 twenty feet in focal length. 
But his zeal did not stop here. Under the munificent patron- 
age of George EL, he began, in 1785, to construct a telescope 
forty feet long, and on the 27th of August, 1789, the day on 
which it vras completed, he discovered with it the sixth satel- 
lite of Saturn. 

The great speculum had a diameter of 49^ inches, but its 
concave surface was only 48 inches. Its thickness was about 
3J inches, and its weight when cast was 2118 lb?. Its focal 
lenorth was forty feet, and the length of the sheet iron tube 
which contained it was 99 feet 6 inches, and its breadth 4 feet 
10 inches. By using small convex lenses, Dr. Herschel was 
enabled to apply a power of 6450 to the fixed stars, but a very 
much lower power was in general used. 

In this telescope the ob^rver sat at the mouth of the tube, 
and observed by what is called the front view, with his back 
to the object, without using a plane speculum, the eye lens 
being applied directly to magnify the image formed by the 
great speculum. In order to prevent the head, &o. fi?om ob- 
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structing .too much of the incident light, the image was tinned 
out of 5ie axis of the speculum, imd must, therefore, have 
been slightly distorted. 

As the frame of this iostrument was exposed to the wither, 
it had greatly decayed. It was, therefore, taken down, and 
{Lnother telescope, or 20 feet focus, with a ^culum 18 iuche^ 
in diameter, was erected in its place, in 1822, By J. F. W. 
llerschel, £^., with which many important observations have 
been made. 

Mr, JRqmage'$ Telescope. 

(213.) Mr. Ramage, of Aberdeen, has constructed various 
Newtonian telescopes, of great lengths and high powers. The 
largest instrument at pre^nt in use in this country, and we 
beUeve in Eurc^, was constructed by him, and erected at the 
Boyal Observatory of Greenwich in 1820. The great specu- 
lum has a focal length of 25 feet, and a diameter of X5 inches. 
The image is formed out of the axis of the speculum, which 
is inclin^ so as to throw it just to the aide of the tube, where 
the observer can view it without obstructing the incident rays. 
The tube is a 12«ided prism of deal, and when the instrument 
is not in use it is lowered into a box, and covered with canvas. 
The apparatus for moving and directing the telescope is ex- 
tremely ample, and dispkys mudi ingenuity. 



CHAP. XLIII. 

ON ACHBOXATIO TSL6SO0PE8. 

(214) The principle of the achromatic telescope 4ias been 
briefly explained in Chap. VU., and we have there shown how 
a convex lens, combined with a concave lens of a longer focus, 
and having a higher refractive and dispersive power, ma^ pro- 
duce refraction without color, and consequently form an miage 
free from the primary prismatic colors. It has been demonstrated 
mathematicallVf and the reader may convince himself of its 
truth by actually tracing the rays through the lenses, that a 
convex and a concave lens will form an achromatic combina- 
tion, or will g^ve a colorless ima^e, when their focal lengths 
are in the same proportion as theur dispersive powers. That 
is, if the dispersive powers of crown and flint glass are as O'OO 
to 1, or 6 to 10 ; then an achromatic object glass could be 
formed by combining a convex crown glass lens of 6, or 60, or 
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000 inches with a concave flint glass lens of 10, or 100, or 
1000 inches in focal length. 

But though such a combination would form an image free 
from color, it would not be free from spherical aberration, which 
can only be removed by giving a proper proportion to Uie cur- 
vatures of the first and last surface, or the two outer surfaces 
of the compound lens. Mr. Herschel has found that a double 
object glass will be nearly free from aberration, provided the 
radius of the exterior surface of the crown lens be 6*72, and 
of the flint 14*20, the focal length of the combination being 
10*00, and the ladii of the interior sur&ces being computed 
from these data by the formule given in elemental works on 
optics, so as to make the focal lengths of the two glasses in 
Fig. 171. the direct ratio of their dispersive powers. This 
combination is shown in fig, 171., where A B ie^ 
the convex lens of crown glass, placed on the out 
side towards the object, and C D the concavo-con 
vex lens of flint glass placed towards the eye 
The two inside sumces that come in contact an 
so nearly of the same curvature that they may be 
ground on the same tool, and united together by i 
cement to prevent the loss of light at Uie two sur 
&ces. 

In the double achromatic ohject glasses con 
structed previous to the publication of Mr. Her 
schePs investigations, the sur&ce of the concave 
lens next the eye was, we believe, always con- 
cave. 

Triple achromatic object glasses consist of three lenses A B, 
Fig. 172. C D, E F, fig. 172., A B and E F being convex 
lenses of crown glass, and C D a double concave 
lens of flint glass. 

The object of using three lenses was to ob- 
tain a better correction of the spherical aberra- 
tion ; but the greater complexity of their con- 
struction, the greater risk of imperfect centering, 
or of the axes of the three lertses not being in 
the same straight line, together with the loss of 
light at six surfaces, have been considered as 
more than compensating their advantages ; and 
they have accordingly fallen into disuse. 

The following were the radii of two triple 
achromatic object glasses, as constructed by 
DoUond :— 




B H 
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A B, or first Crown Lens. 

FIRST OBJECT GLASS. SECOND OBJECT OLAiS. 

Radii of first surface, ... 28 inches ...... 28 

second surface, ..40.* 35*5 

C D, or Flint Lens. 
Radii of first surface, - - - 20-9 2M 

second surface, -.28 - . 25'76 

E F, or second Crown Lens. 
Radii of first surface, . - - 28-4- - - 28 

second surface, - - 28*4 28 

Focal length of the compound 

lens, 46 inches 46*3 

In consequence of the great difficulty of obtaining fiint 
glass free from veins and imperfections, the largest achromatic 
object glasses constructed in England did not greatly exceed 
4 or 5 inches in diameter. The neglect into which this im- 
portant branch of our national roanu&ctures was allowed to 
fall by the ignorance and supineness of the British government, 
stimulated foreigners to rival us in the manufacture of achro- 
matic telescopes. M. Guinand of Brenetz, in Switzerland, 
and M. Fraunhofer, of Munich, successively devoted their 
minds to the subject of making large lenses of flint glass, and 
both of them succeeded. Before his death, M. Fraunhofer 
executed two telescopes with achromatic object glasses of 9 f^ 
inches, and 12 inches in diameter ; and he informed me that 
he would undertake to execute one 18 inches in diameter. 
The first of these object glasses was for the magnificent achro- 
matic telescope ordered by the emperor of Russia, for the ob- 
servatory at Dorpat The object glass was a double one, and 
its focal length was 25 feet ; it was mounted on a metallic 
stand which weighed 5000 Russian pounds. The telescope 
could be moved by the slightest force in any direction, all the 
movable parts being balanced by counter weights. It had four 
eye glasses, the lowest of which magnified 175, and the high- 
est 700 times. Its price was 1300/., but it was liberally given 
at prime cost, or 950/. The object glass, 12 inches in diameter, 
was made for the king of Bavaria, at the price of 2720/. ; but 
as it was not perfecitly complete at the time of Fraunhofer's 
death, we do not know that it is at present in use. In the 
hinds of that able observer, Professor Struve, the telescope of 
Dorpat has already made many important discoveries in as- 
tronomy. 

A French optician, we believe, M. Lerebours, has more 
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recently executed two achromatic object glasses of glass made 
by Guinaod. One of them is nearly 12 inches in diameter, 
nnd another above 13 inches. The first of these object glasses 
was mounted as a telescope at the Royal Observatory of Paris ; 
and the French government had expended 5001. in the pur- 
chase of a stand for it, but had not the liberality to purchase 
the object glass, itsel£ Sir James South, our liberal and active 
countryman, saw the value of the two object glasses, and ac- 
quired them for his observatory at Kensington. 



ON ACHROMATIC EYEPIBCEB. 

(215.) Achromatic eyepieces when one lens only is wanted, 
may be composed of two or three lenses exactly on the same 
principles as object glasses. Such eyepieces, however, are 
never used, because the color can be corrected in a superior 
manner, by a proper arrangement of single lenses of the same 
kind of glass. This arrangement is shown in^^. 173., where 
A B and C D are two plano-convex lenses, A B being the one 

F^. 173. 



next the object glass, and C D the one next the eye, a ray (^ 
white light R A, proceeding from the achromatic object glass, 
will be refracted by A B at A, so that the red ray A r crosses 
the axis at r, and the violet ray A v at v. But these rays being 
intercepted by the second lens C D at tlie points m, n, at du- 
ferent distances from the axis, will sufier different degrees of 
refraction. The red ray mr sufTerinp a greater refraction 
than the violet one n i7, notwithstandmg its inferior refran- 
gibilit^, so that the two rays' will emerge parallel from the 
lens C D (and therefore be colorless) as shown at m r', m v'. 

When these two lenses are made of crown glass, they must 
be placed at a distance equal to half the sum of their focal 
lengths, or, what is more accurate, their distance must be 
equal to half the sura of the focal distance, of the eye gla« 
C D, and the distance at which the field glass A B would form 
an image of the object glass of the telescope. This eyepiece 
is called the negative eyepiece. The stop or diaphragm must 
be placed half-way between the two lenses. The food length 
of an equivalent lens, or one that has the same magnifying 
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Fir 174. 



power as the eyepiece, is equal to twice the product of the 
focal lengths of the two lenses divided by the sum of the same 
numbeiis. 

An eyepiece nearly achromatic, called Ramsden^s Eyepiece^ 
and much used in transit instruments and telescopes with mi- 
crometers, is shown in Jig, 174., where A B, C D, are two 
plano-convex lenses with their 
convex sides inwards. They 
have the same focal length, and 
are placed at a distance from 
each other, equal to two-thirds 
of the focal length of either. 
The focal length of an equiva- 
lent lens is equal to three-fourths 
the focal length of either lens. 
The use of Uiis eyepiece is to 
give a flat field, or a distinct view of a system of wires placed 
at M N. This eyepiece is not quite achromatic, and it might 
be rendered more so by increasing the distance of the lenses ; 
but as this would require the wire's at M N to be brought 
nearer A B, any particles of dust or imperfections in the lens 
A B would be seen magnified by the lens C D. 

The erecting achromatic eyepiece now in universal use in 
all achromatic telescopes for land objects is shown. in Jig, 175. 
It consists of four lenses. A, C, D, B, placed as in the figure. 

FHg. 175. 





Mr. Coddington has shown, that if the focal lenffths, reckoning 
from A, are as the numbers 3, 4, 4 and 3, and the distances 
between them on the same scale 4, 6, and 5-2, the radu, 
reckoning from the outer surface of A, should be thus : — 

27 } 

, > nearly plano-convex. 

9} 

^ > a meniscus. 

ni > nearly planoL-convex. 

ni J Double oonvox. 



, J First surface 

} Second surfitce 
p K First surfiLce 

) Second surface 
jy j First surface 

) Second sorface 
g J First surface 

I Second surface 



24 < 
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The magnifyingr power of this eyepiece, as usually made, 
differs little from what would be produced by using the first 
or fourth lens alone. I have shown, that the maj^ifying 
power of this eyepiece may be iEfcreased or diminished by 
varying the distance between C and D, which even in common 
eyepieces of this kind may be done, as A and C are placed in 
one tube A C, and D and B in another tube D B, so that the 
latter can be drawn out of the general tube. In Jig. 175., I 
have shown the eyepiece constructed in this way, and capable 
uf having its two parts separated by a screw nut E, and rack. 
This contrivance for obtaining a variable magnifying power, 
and consequently of separating optically a pair of wires fixed 
before the eye glass, I communicated to Mr. Carey in 1805, 
and had one of the instruments constructed by Mr. Adie in 
1806. It is fully described in my Treaiise on Philosophical 
Instruments, and has been more recently brought out as a new 
invention by Dr. Kitchener, under the name of the Pkmcralic 
Eye Tube, 

Prism Telescope, 

(216.) In 1812, I showed that colorless refraction may be 
produced by combining two prisms of the same substance, and 
the experiments which led to this result were published in my 
Treatise on New Philosophical Instruments in 1813. The 
practical purposes to which this singular principle seemed to 
be applicable were the construction of an achromatic telescope 
with lenses of the same glass, and the construction of a. 
Teinoscope, for extending or altering the lineal proportions of 
objects. 

If we take a prism, and hold its refracting edge downwards 
and horizontal, so as to see through it one of the panes of glass 
in a window, there will be found a position, namely, that in 
which the rays enter the prism and emerge from it at equal 
angles, as in^^. 20., where the square pane of glass is of its 
natural size. If we turn the refracting edge towards the 
window, the pane will be extended or magnified in its length 
or vertical direction, while its breadth remains the same. If 
we now take the same prism and hold its refracting edge ver- 
tically, we shall find, by the same process, that the pane of 
glass is extended or magjiified in breadth. If two such prisms, 
therefore, are combined in these positions, so as to magnify the 
same both in length and breadth^ we have a telescope com- 
posed of two prisms, but unfortunately the objects are all 
highly fringed with the prismatic colors. We may correct 
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these colors in three ways : 1st, We may make the prisms of 
a kind of glass which obstructs all the rays but those of one 
homogeneous color ; or, we may use a piece of the same glass 
to abH>rb the other rays w^hen two common glass prisms are 
used: 2d, We may use achromatic prisms in place of common 
prisms : or, 3d, What is best of all for common purposes, we 
• may place other two prisms exactly similar, but in reverse 
positions, or they may be placed as shown in fig, 176., which 
represents the prism telescope ; A B and A C being two prisms 

Fig. 176. 




of the same kind of glass, and of the same refracting angles, 
with their planes of refraction vertical, and E D, E F, other 
two perfectly similar prisms, similarly placed, but with their 
planes of refraction horizontal. A ray of light, M a, from an 
object, M, enters the first prism, E F, at a, emerges from the 
second prism, E D, at 6, enters the tliird prism, A C, at c, 
emerges from the fourth prism, A B, at <?, and enters the eye 
at O. The object, M, is extended or magnified horizontally 
by each of the two prisms, E F, E D, and vertically by each 
of the two prisms, A B, A C ; objects are magnified by look- 
mg through the prisms. 

This instrument was made in Scotland by the writer of this 
Treatise, under the name of a Teinoscope, and also by Dr. 
Blair, before it was jwoposed or executed by Professor Amici 
of Modena. Dr. Blair^s model is now before me, being com- 
posed of four prisms of plate glass with refracting angles of 
about 15°. It was presented to me two years ago by lus son ; 
but as no account of it was ever published, Mr. Blair could not 
determine the date of its construction. 

In constructing this instrument, the perfect equality of the 
four prisms is not necessary. It will be sufiicient if A B and 
D E are equal, and A C and E F, as the color of the one 
prism can be made to correct that of the other by a change i^ * 
its position. For the same reason it is not necessary that they 
be all made of the same kind of glass. 
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Achromatic Opera Glasses with Single Lenses. 

(217.) M. d*Alembert has long ago ehown that an achromatic 
telescope may be coastructed with a single object glass and a 
siiigle eye glass of different refinctive and dispersive powers. 
To effect this, the eye glass must be concave, and be made of 
glass of a much higher dispersive power than that of which 
Uie object glass is made ; but the proposal was quite Utopian 
at the time it was suggested, as substances with a sufficient 
difference of dispersive power were not then known. Even 
now, the principle can be applied only to opera glasses. 

If we use an object glass of very low dispersive power, the 
refraction oi the violet rays may be corrected by a concave 
eye lens of a high dispersive power, as will be seen by the 
fi>llowing table. 



Crown glass 
Water 
Rock crystal 
Rock crystal 
Crown glass 
Rock crystal 


Flint glass 
Oil of cassia 
Flint glass 
Oil of aniseseed 
Oil of cassia 
Oil of cassia 


I' 

2 
3 
3 
6 


^though aU the rays 
these combinations, yet 
fiictory. 


are made to enter the eye parallel in 
the correction of color is not satis* 



Mr. Barlow'' s Achromatic Telescope, 

(218.) In the year 1813 I discovered the remarkable dis- 
persive power of sulphuret of carbon, having found that it 
^ exceeds all fluid bodies in refractive power, surpassing even 
flint glass, topaz, and tourmaline ; and that in dispersive power 
it exceeds every fluid substance except oil of cassia, holding 
an intermediate place between phosphorus and balsam of tolu. 

* * * Although oil of cassia surpasses the sulphuret of car- 
bon in its power of dispersion, yet, from the yellow color with 
which it is tinged, it is greatly inferior to the latter as an op- 
tical fluid, unless in cases where a very thin concave lens is 
required. The extreme volatility of the sulphuret is undoubt- 
edly a disadvantage ; but as this volatility may be restrained, 
we have no hesitation in considering the sulphuret of carbon 
as a fluid of great value in optical researches, and which 
may be of inccdculable service in the constrtuition of optical 
instruments"* This anticipation has been realized by Mr. 

* On the Optical Properties of Sulphuret of Carbon, in Edinburgh TVans. 
vol. viii. p. 2b.'). Feb. 7. 3814. 
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Barlow, who has employed sulphuret of carbon as a sabstitate 
fi)r flint glass, in correcting' the dispersion of the convex l^n& 
It had been proposed, and the experiment even tried, to place 
the concave lens between the convex one and its focus, for the 
purpose of correctiuflf the dispersion of the convex lens, with 
a lens of less diameter, bat Mr. Barlow has the merit of hav- 
ing first carried this into efiect 

The telescope which he has made on this principle, consists 
of a single object lens of plate glass, 7*8 inches in clear aper- 
ture, with a focal length of 78 inches. At the distance of 4C) 
inches fnxn this lens vras placed a concave lens of sulphuret 
of carbon, with a focal length oi 50*8 inches, so that parallel 
rays falling on the convex plate lens, and converging to its 
focus, would, when refracted by the fluid concave lens, have 
their focus at the distance of 104 inches from the fluid lens, 
and 144 inches, or 12 feet, from the plate g^ass len& The 
fluid is contained between two meniscus cheeks, and a glass 
ring, so that the radius of the concave fluid lens is 144 inches 
towards the eye, and 56*4 towards the object lens. The fluid 
is pat in at a high temperature, and the contraction which it 
experiences in cocking is said to keep every thing perfectly 
tight No decomposition of the fluid has yet been observed. 
The great secondary spectrum which I found to exist in sul- 
phuret of carbon is approximately corrected by the distance of 
the fluid lens from the object glass ; but we are persuaded that 
it is not free from secondary oAot. Mr. Coddington remarks, 
that the general course of an oblique pencil is bent outward 
by the fluid lens, and the violet rays more than the red, so as 
to produce indistinctness; but we are not aware that this 
defect was observed in the instrument The tube of the tele* 
scope is 11 feet, and the eyepieces one foot ** The telescope," 
says Mr. Barlow, *' bears a power of 700 on the closest double 
stars in South*s and Herschel's catalogue, although the field 
is not then so bright as I could desire. Venus is beautifully 
white and well defined with a power of 120, but shows some 
color with 360. Saturn, with the 120 power, is a very bril- 
liant object, the double ring and belts being well and satisfac- 
torily defined, and with the 360 power it is still very fine." 
Mr. Barlow remarks, also, that the telescope is not so com- 
petent to the opening of the close stars, as it is powerful in 
bringing to light the more minute luminous point& 

Achromatic Solar Telescopes with single Lenses. 

(219.) An achromatic telescope for viewing the sun or any 
highly luminous object may be constructed by using a single 
2A2 
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object glBX of plate glass ; and by making any one of the eye 
glasses out of a piece of glass which transmits only homage 
neous light : or the same Siing may be effected by a piece of 
plane glass of the same color ; but this introduces the errors 
of other two surfaces. In such a constructixm it would be 
preferable to absorb all the rays but the red ; and there are 
various substances by which this may be readily effected. The 
object glass of this telescope, though thus rendered monochro- 
matic, will still be liable to spherical aberration. But if the 
radii of the lens are properly adjusted, the excess of solar light 
will permit us to diminish the aperture, so as to render the 
spherical aberration almost imperceptible. Such a telescope, 
when made of a great length, would, we are persuaded, be 
equal to any instrument that has yet been directed to the sun. 
If we could obtain a solid or a fluid which would absorb all 
the other rays of the spectrum but the yellow, with as little 
loss as there is in red glasses, a telescope of the preceding 
construction would answer for day objects, and for all the pur- 
poses of astronomy. If the art of giving lenses a hyperbolic 
form shall be brought to perfection, which we have no doubt 
will yet be done, the spherical aberration would disappear; 
aod a telescope upon this principle would be the most perfect 
of all instruments. 

Even by using red light only, a great improvement might 
be effected in the common telescopes for day objects and for 
astronomical purposes. If the red rays, for example, form ^th 
of white light, we have only to increase the area of the aper- 
ture 10 times to make up completely for this defect of light 
The spherical aberration is, no doubt, greatly increased also : 
but if we consider that, when compared to the aberration of 
color, it is only as 1 to 1200, we can afford to increase it in 
order to gain so great an advantage. Common telescopes, 
indeed, may be considerably improved by applying .colored 
glasses, which absorb only the extreme rays of the spectrum, 
even though they do not produce an achromatic or homoge- 
neous image. 

These observations are made for the benefit of those who 
cannot aflS)rd expensive instruments, but who may yet wish to 
devote themselves to astronomical observations, with the ordi- 
nary instruments which they may happen to possess. 

On the Improvement of imperfectly achromatic Telescopes. 

(220.) There are many achromatic telescopes of consider- 
able size, in which the flint lens either over corrects or under 
corrects the colors of the crown glass lena This defect may 
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be easily removed by altering slightly the curvature of one or 
other of the lenses. But all aclm>oiatic telescopes whatever, 
when made of crown and flint glass, exhibit the secondary 
colors, viz. the wine-colored and the green fringes. These 
colors are not very strong ; and in many, if not in all cases, 
we may destroy them by absorption through glasses that will 
not w«iken matly the intensity of the light. The glasses 
requisite for una purpose must be found by actual experiment; 
as the secondary tints, though generally of the colors we have 
mentioned, are variously comp^ed, according to the nature of 
the glass of which the two lenses are made. 
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APPENDIX OP THE AUTHOR, 

CONTAINING 

TABLES OF REFRACTIVE AND DISPERSIVE POWERS, <fec 
OF DIFFERENT MEDIA. 



TABLE L 

(Referred to from Page 90.) 

Table of the Refractive Powers of Solid and Flmd Bodies, 



Realgar artificial 

Octohedrite 

Diamond 

Nitrite of lead 

Blehde 

Phosphorus 

Sulphur mehed 

Zircon 

Glass— lead 2 parts, flint \ 

Ipart S 

Garnet 

Ruby :. 

Gla8»— lead 3 parts, flint \ 

Ipart S 

Sapphu« 

Spmeile 

Cinnamon stone 

Sulphuret of carbon 

Oil of cassia 

Balsam of Tolu 

Guaiacum 

Oil of aniseseed 

Quartz 

Rock salt 

Sugar melted 

Canada balsam 



8-549 
2-500 
2-439 



2224 
2148 
1-961 

1-630 

1-815 
1-779 



1-794 
1-764 
1-759 
1-768 
1-641 



1-619 
1-601 
1-548 
1-557 
1-654 
1-549 



»r ladttorsafirwtiai. 

Amber 1-547 

Plate glass, fiom 1-514 to . . . 1-542 

Crown glass, from 1-525 to.. 1-534 

Oil of doves 1-535 

Balsam capivi -. 1-528 

Gam arable 1-502 

Oil of beech nut 1-500 

Castor oil 1-490 

Caieputoil 1-483 

Oil of turpentine 1-475 

Oil of olives 1-470 

Alum 1-457 

Fluorspar 1-434 

Sulphuric acid 1-434 

Nitric acid 1-410 

Muriatic acid 1-410 

Alcohol 1-372 

Cryolite 1-349 

Water 1-336 

Ice 1-309 

Fluids in minerals 1-294 to . 1-131 

Tabesheer Mil 

Ether expanded to thrice ) iv^,.. 

itsvoliSe 5 ^^^ 

Air 1-000294 



TahU of the RtfracUve Powers of Oases. 



Vapor of sulphuret ^^Ii^i^qq 

•carbon ) 

Phosgene gas 1-001159 

Cyanogen 1-000834 

Chlorine 1-000772 

Olefiantgas 1<X)0678 

Sulphurous acid 1-000666 

Sulphuretted hydrogen . 1-000644 

Nitrous oxide 1-000503 

Hydnx^anic acid 1-000461 

Nlwiatic acid 1-000449 



imez or KrDrMtloB. 

Carbonic acid 1-000449 

Carburetted hydrogen .. 1-000443 

Ammonia 1-000385 

Carbonic oxide 1-000340 

Nitrous gas 1-000303 

Azote 1<X)0300 

Atmospheric air 1-000294 

Oxygen 1-000272 

Hydrogen 1-000138 

Vacuum 1-000000 



UQ 
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TABLE 11. 

(Referred to fyom Page 31.) 

TOU of Ot^AiBohae MefmclkM Powers ^ Bodw, 



ladcxcT 

Tabasheer 

Ciyolite •^..^ 

Fluorspar 

Oxygen 

Sulphate of bejyta ....... 

Sulphurous acia gas 

Nitrous gas «... 

Air 

Carbonic acid 

Azote 

Chlorine 

Nitrous oxide ». ». . 

Pho^ene .». 

Selenite 

Carbonic oxide 

Quartz 

Glass 

Muriatic acid 

Sulphuric acid .......... 

Calcareous spar 

Alum 

Borax 



00976 
0^42 
0-3426 
0-a79» 



0^^165 
04491 
0-4528 
04537 
0-4734 
0-4813 
e-5078 
0-5186 
0-5386 
^5387 
0^5415 
0-5436 
0-55M 
6^124 
0-6424 
0^70 
0-6716 



I ImMz of ScftwTtfan. 

Nitre 0-7079 

Rainwater 0-7845 

Flint glass 0-7986 

Cyanogen 0-8021 

Sulphurotted hydrogen ... 0-8419 

Ammonia 1-0032 

Alcohol rectified 1-0121 

Camphor 1-2551 

Olive oil 1-2607 

Amber 1-3654 

Octokedrite 1-3816 

Sttlphuret of carbon 1-4200 

Diamond 1-4566 

Realgar 1-6666 

Ambergris 1-7000 

Oil of cassia* 1-7634 

Salphur 2-2008 

Phosphorus 2-8857 

Hydrogen 3-0963 



Nal 
(Referred to fh>m Page 72.) 

In order to convey to the reader some idea of the Tarielyof dispenrire 
powers which exist m solid and fluid bodies, I hare given die following 
table, selected from a much larger one, founded en observations which 
I made in 1811 and 1812.t 

The first column contains the di^rence of the indices of reflection 
for the extreme red and violet rays, or the part of the whole refinction 
to which the dispersion is equal; and the second column contains the 
dispersive power. 



Thbie of the DUpershe Powers of Bodies. 



Die of iKflcea 



Oil of cassia 0-139 

Sulphur after fusimi 0-130 

Phosphorus 0-128 

Sulphuret of carbon ,. 0-115 

Balsam of Tolu 0103 

Balsam of Peru 0O93 



x extreme Bi 

0O89 
0-149 
0-156 
0-077 
0-065 
0-058 



* See Edinburgh Journal qf acienee. No. XX. p. 308. 

t See my Treatise on ^Pno PhU«sepkUal rnstrumewts, p. 315. 



DiftoriiidioM 

of BcfracUoa 
ior extrcmx Ri^a. 

O056 
0048 
0O44 
<H)40 
<H)39 
(H)41 
0K)3S 
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DlipeniT* 

Berbadoes abes 0-085 

Oil of bitter iOniends 0O79 

Oil of aniseseed 0077 

Acetate of lead nelted 0069 

Balsam of Slyna 0O67 

Guaiacum 0O66 

Oil of cumin 0066 

Oil <^ tobacco 0O64 

Gumammoniac 0O63 0O37 

Oil of Barbadoes tar ^ 0062 0O38 

Oilof cloves 0O62 0098 

Oil of sassafias 0O60 0O92 

Rosin 0O57 0O82 

Oilof sweet fennel aeeds 0055 0O28 

Oil of spearmint 0O54 0O26 

Rocksalt 0O53 0029 

Caoutchouc 0O53 0OS8 

Oil of pimeiitD 0O52 0.090 

Flintglass .,. 0O52 0O86 

OUof angelica 0O51 0025 

Oilof thyme 0O50 0O24 

Oil of caraway seeds 0049 0.024 

Flintglass 0O48 0O29 

Gomthus 0O48 0O28 

Oilofjuniper 0O47 0O22 

Nitric acid 0.045 0O19 

Canadabalsam 0O45 0O21 

Cojeputoil 0O44 0O21 

Oilof rhodium 0O44 0022 

Oilofpoppy 0O44 0O22 

Zircon, greatest rrf 0O44 0O45 

Muriatic acid 0O43 0O16 

Gumcopal 0O43 0O24 

Nutoil 0O43 0O22 

Oil of turpentine 0O42' 0O20 

Feldspar 0042 0O22 

Balsamcapivi 0O41 0021 

Amber 0O41 0O23 

Calcareous spar— grsatert. 0O40 0027 

Oil of rape^wed 0040 0O19 

Diamond 0O38 0O66 

OUof olives 0O38 0018 

Gummastic 0O38 0O22 

Oilofrue..... 0037 0O16 

Beryl : 0O37 0O22 

Ether 0O37 0O12 

Selenite -0037 0O20 

Alum 0O36 0O17 

Castoroil 0O36 0018 

CrowTi glass, green O036 0O20 

Gumarabic 0O36 0O18 

Water 0O36 0O12 

Citricacid 0O35 0O19 

Glassof Borax 0034 0018 
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XMftor IiidtoM 



Gainet O034 

Chry«oUte 0033 

down glass 0033 

on of wine 0O32 

G]a« of phosphorus 0O31 

Plate glasB 0O32 

Sulphuric acid 0O31 

Tartaric acid 0O30 

Nitre, least ref: 0O30 

Borax 0O30 

Alcohol 0O29 

Sulphate of baryta 0O29 

Rock crystal 0026 

Borax glass (1 bor. 2 silex) 0026 

Blue sapphire 0026 

Bluish topaz 0025 

Chrysobetyl 0O25 

Blue topaz 0O24 

Sulphate of strontia 0O24 

Prussicacid 0O27 

Fluorspar 0O22 

Ciyolite 0022 



far extnme Ba^ 

0O18 
0O22 
0O18 
0O12 
0O17 
0O17 
0OI4 
0O16 
0O09 
0O14 
OOll 
OOll 
0O14 
0014 
0O21 
0O16 
0O19 
0016 
0O15 
0O08 
OOIO 
0O07 



Na n. 

(Referred to firom Page 73.) 

The following table contains the results of several experiments which 
I made in the manner described in pp. 72, 73. The boaiee at the top of 
the table have the least action upon ^een lisht^and those at the bottom 
of it the greatest. The relative position of some of the substances is 
empirical ; but, bv referring to the original experiments in my Treatise 
on New Philoaopkical InstrumenU^ p^ 354., it will be seen whether or 
not the relative action of any two oodles upon green light has been 
ietermined. 



Tltftle of Transparent BodieSt in the order in u^ich they exercise the 
least action upon Green UghL 



Oil of cassia. 
Sulphur. 

Sulphuret of carbon. 
Balsam of Tolu. 
Oil of bitter almonds. 
.Oilof aniseseed. 
Oil of cumin. 
Oil of sassafras. 
Oil of sweet fennel seeds. 
Oil of cloves. 
Canada balsam. 
Oil of turpentine. 
Oil of poppy. 



Oil of spearmint. 
Oil of caraway seeds. 
Oil of nutmeg. 
Oil of peppennint 
Oil of castor. 
Gum copal. 
Diamond. 
Nitrate of potash. 
Nut oil. 

BaUam of capivL 
Oil of rhodium. 
Flint glass. 
Zircon. 
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TWe tif TVofi^parnil BodieM, ^rc^'-continued. 



OO of oliyes. 
Calcareoua spar. 
Rock salt 
Gumjaniper. 
Oilof almondi. 
Ckown glass. 
Gum arable. 
Alcohol. 
Ether. 

Glass of borax. 
Selenite. 
BeryL 



Topaz. 
Fluor spar. 
Citric acid. 
Acetic add. 
Muriatic acid. 
Nitric add. 
Rock crystal 
Ice. 

Water. 

Fhosphorons acid. 
Sulphuric acid. 



Na m. 

(Referred to from Page 80.) 
TbUe tf the Indices of Refraction <f teveral Qkutea and FtmdM 



OiloTTv-Y 
ntiM 5 
CmmOIaii 
CfowaOlaH 
Flint Glaa 



the tmwmn B«ya im tkm flpMtnuB OMrtod 
la/r.Sft. with Um Mloirtai Uttm. 



Badhf- 



I'SSniS 
l*400S16 
0«6(1-47M96 1*471530 



S-1M1-S647T4 

S-7B3 l-em49 1-029881 



1-333677 
1*408805 
1-474434 



1-836851 
1-401 
1-47B353 
1-633005 



1-S89687 
1-836036 1-6ISB4 



1-4817M 

1-530068 

1-688160 1-688741 



1-81458S 1-flBOOlS 



1-841898 
1-418679 



1-344177 
W163es 



1-673635 1-679470 
1-671008 
1-640373 
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Nal. 

(Referred to from article 32.) 

If the remark of Mr. Herschel be admitted, the ocmsequence may be 
drawn in relation to all the simple gases, except oxygen, that their ab< 
solute refractive powers will be expressed by the square of the index 
9f refraction, dimuiished by unity: for in thete, the specific gravity in 
directly proportional to the weight of the atom. The same renttrk 
applies to the vapora of simple bwlies, and to many compound gases. 

If the specific gravity, and weight of the atom, of hydrogen be called, 
unity, the specific gravity of nitrogen, chlorine, &c will be expressed 
by the weight of the atom of each: hence the square of the index of 
refracticm diminished by unity, will be, by the process directed in artido 
32, multiplied and divided by the same quantity. 

The infiammable substance hydrogen, instead of presenting a high 
mtrinsic refractive power, would occupy a low place on the scale, whue 
chlorine would rank high upon it. This consequence was observed by 
Mr. Heischei himself 

No. IL 

(Refbrred to flrom article 66, page 67.) 

This remark in relation to the absorptive power of water, tiiough true 
for moderate thidmesses, in relation to the colored rays of the spec- 
trum, appean^ by a recent discovery of Signor Melloni, not to be true 
in regard to the heating rays. An account of the interesting experi- 
ments which have establislied this fact, will be more in place, m 
connexion with the article which treats of the heating power of the 
spectrum. 

N(xin. 

(Referred to from article 66, page 70.) 

This interesting analysis of the solar spectrum, by Sir David Brewster, 
will, probably, have its value to (he reader increased by a brief state, 
ment of the experiments from which the results, given in pages 69 and 
70, were deduced. The matter of this note is taken from a paper, l^ 
Sir David Brewster, in the Edinbur^fh Journal of Science for October, 
1831.* 

1. The first position is that, " red, ydlow, and blue light exist at every 
point of the solar spectrum." The eye gives evidence of the existence 
of red light, in the red, orange, and violet spaces, which, together, con- 
stitute mare than half the length of the spectrum. If the blue and 

* And IMnkurgk Traxs. Vol. XII. Part. I 
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indigo spaoM be tnmBmitted through olive oil, the light becomes of a 
violet tint, rendering evident the red, oreviously existins in the blue 
and indigo, by abeoroing rays which hBO. neutralized it. In the yellow 
and green spaces the existence of red is proved by showing that white 
light may be detected in them. 

Ydlow liffht is. recognized by the eye in rather more than one-fiilh 
of the length of the spectrum, namely in the orange, yellow, and green 
spaces. It may be proved to be present in the blue and indigo spaces 
oy many experiments, among which is the one already described, in 
which a violet tint is developed, by passing the spaces through olive 
oil : the tint absorbed by the oil cannot be red, because violet, reddish 
blue, is made to appear *by the transmission; it cannot be blue, for blue 
taken from blue will not leave violet ; it is, then, yellow, which mixed 
with the red and blue had formed white light, at this part of the speo 
trom. Farther, the spectrum examined through a deep olue glass, shows 
green in the blue spacer and through a transparent wafer of gelatme, 
produces a whitish bond in the same space. Yellow is shown to exist 
m the red space by examining it through a prism of port wine, the re- 
fracting angle of which is 90°, and the whole of the red space assumes 
a vellowish tint by the absorption of the blue rays, by certain thicknesses 
or pitch, balsam of Peru, &c. In the violet space, owing to the extreme 
fiiciiity with which that color is absorbed, and the extreme iaintness of 
the rays, yellow light has not yet been detected. 

Blue light is perceptible to the eye through more than two-thirds of 
the lengm of the spectrum, that is m the green, blue, indigo, and violet 
spaces. The absorptive powere of pitch, balsam of Peru Ac, diow 
^reen light extending considerably within the red space ; and the blue 
IS farther proved to be spread throughout that space oy the yellow tinge 
which it assumes, when viewed through the media already alluded to; 
a tmt which could only result from the absorption of blue rays. 

2. White light exists, at every point of the spectrum, and may be in- 
sulated by ab^rbing the excess of the colored rays at any point. 

By a particular mickness of smalt-blue glass, the yellow space, the 
hrigntest of the spectrum, becomes ereenish white, ana, with a different 
blue, reddish white. A mixture of^red ink and sulphate of copper re- 
duces the yellow space to nearly a white, the tint being slightly red 
when the ink is in excess, and green when there is too much of the 
solution of sulphate of copper. By particular methods, not described, 
Sir David Brewster states that he has succeeded in insulating white 
light in both the orange and green spaces. 

llie curious property possessed by this white light of not being de- 
composable by refraction, is a powerfiil support of the new theory of 
the spectrum. 

By a principle of absorption applied to the heating rays of the solar 
spectrum, and which will be described in a subsequent note, the exist- 
ence of a spectrum of heating rays, exceeding in length the three colored 
s]iectra, is proved, bringing a new analogy to bear upon this question. 

No. IV. 

(Referred to fl'oin article 71, pag^e 82.) 

Comparative experiments on the heat in different parts of the aolar 
spectrum, require the most delicate instruments. The new Inanch of 
%ience, thermo-magnetism, furnished Slgnor Afelloni with a much more 
sensible means of measuring temperature than the common therroom- 
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et«t neiiMly, by th^ inagnetic currentB developed by heat, in a baiteiy 
oompoeed of bojv of bismuth and antimony. 

By the aid of this instrument, he found that the heat accompanying 
Ihe violet space of the spectrum, from a crown glass prism, ^as not at aU 
absorbed by pure water, while a small portion of the heat in the indigo 
was absorbeo, a greater portion of that m the blue, and so on through 
the colored spaces and into the invisible heating rays beyond the speo> 
trum, the extreme rays of which were entirely absorbed. 

The relative degrees of heat in the spectrum ibrmed by a crown 
giasw prism, which, however, it must be recollected, has absorbed the 
rays unequally, is represented by the annexed diagram, in which the 




ordinates, 2 o, 5 1, &c., of the upper curve represent, nearly, the relative 
temperatures; the lengths of tne ordinates, and of oourae the relative 
degrees ofheat, being expressed by the numbers written above them : thus 
the amount of heat in the middle of the spocc v, the violet space, corapored 
with that in the middle of the blue space A, is as 2 to 9 ; with the middle 
of the red space r, as 2 to 32. The points marked 25, 12, &c. beyond the 
colored space r, correspond to the bands, in the spectrum, having, re- 
flectively, the same temperatures as the middle of the yellow, of the 
green, of the blue, Stc. By passing the spectrum through a thickness 
of leas than a twelfth of an mch rf water, contained between plates 
of thin gloss with parallel sor&ces and free from defects, the heating 
powers of the several rays beoEone as represented in the lower curve ; 
none of the heat accompanying the violet mys having been absorbed, 
a little of that accompanying the blue. on#so on increasing as the re- 
fiongibility diminished, until in the band, 2, 0, having the^same torn* 
perature as the vkilet, all the heating ra>-8 were absorbed. Different 



media stopped the heating rays in difierent degrees, those of higher 
refractive powers permitting then 
lower powers. 



refractive powers permitting them to pan more readily than those of 



Although this subject cannot be considered as fully developed, we 
are able to understand by it, why Seebeck found the point of greatest 
heat to vary, according to the material of the prism used to form the 
■peclrum, being in the red when a prism of crown ||;Ias8 was used, and 
in the yellow when water was the refracting material. Melloni Ibund 
the greatest heat in the orange ailer passing the spectrum formed by 
the crown glass prism through water, as appears by the diagram, in 
which the greatest heat in the red and 3rellow are 20, and in the onu^e 
IS 21. Seebeck found the point of greatest heat in the yellow, when the 
prism contained water; a snUiciently near coincidence with the ob- 
servation <^ Melloni, if we consider that in the experiments of Seebeck 
the rays were expoeed^to absorptioti by the gloss forming the hollow 
prium in vvbich the water wh oontamed, and in those of Signot 
2B2 
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Melloni to the abnrptkm by the crown ghw pdem fiist, and thai to 
that by two plates of glass and the water contained between them. 

The power of transmitting the heating rays without absorption 
being greater as the refractive power is ^ater, according to the law 
before referred to, we should expect that m flint glass the ^eatest heat 
would lie fiirthest from the Tioiet end of the spectrum; m plate and 
crown glass, that it should be at a less distance fiom that end ; in sul- 
phuric acid and oil of turpentine still less ; in alcohol and water yet 
nearer to the violet end : and these deductions we find, by consultmg 
the table on page 82, to be correct Minute differences, which could not 
be detected by the instruments used by Seebeck and others, in the points 
of greatest heat as given by that table, will probably herekfler appear. 

The experiments discussed in this note authorize the addition of a 
fourth spectrum to the three colored spectra represented in fg. 51^ 
namely, a heating spectrum containing rays whicn are less refrangible 
than the extreme /ed rays of the spectrum. 



No:V. 

(Referred to from page 116.) 

The undulatory hypothesis represents in so simple a manner the phe- 
nomena to which Dr. Young applied his principle of interference, that 
I have been induced to refer to it here, with a view to a general expla- 
nation of the hypothesis. The reader will be better satisfied if he take 
up the subject, as briefly referred to in the 84th article of the text, be- 
fore entering upon the account to be given in this note. As stated in 
that article, the hvpothesis of undulations supposes all space, the planet> 
ary spaces as weU as the interstices between the particles of bodies, 
to be occupied by an elastic medium, or ether, which is put in a state 
of vibratory motion by luminous bodies, and in which impulses are 
propagated according to the same mechanical laws, as the impulses 
which, communicated to air, produce sound. 

If we suppose a luminous point surrounded by this elastic medium, 
the particles immediately about the point have a vibratory motion im- 
pressed upon them, or a motion to and fro ; this they communicate to 
the adjacent particles, and thus a wave is formed, which spreads about 
the pomt as a centre, just as the waves formed by a stone, thrown into 
still water, spread around the point at which the stone struck the sur^ 
&ce. As Uiese waves would communicate to a floating body which they 
might meet, an impulse in a direction radiatii^ from the point where 
they originated, so luminous waves striking the retina, give the sensa- 
tion of light in a similar direction. 

In the aimexed diagram, let AB, No. 1, represent one of the directions 
in which the impulse given by a luminous body, is propagated ; we shall 
find, according to the hypothesis, along that line particles of the elastic 
medium, or emer, having all rates of motion, from rest, or when the mo- 
tion is nothing, to the greatest rapidity of the vibration ; and in the two 
opposite directions, fiom A towards B, and from B towards A. For example, 
let the particles at A, D, and C, be at rest, then if from A to D we find 
particles moving towards B, their velocities, or rates of motion, will be 
ibund increasing between A and a', mid-way fiom A to D, and then de- 
creasing between a' and D; between D and (J the vibration will be in the 
eontniy direction, namely, from B towards A; and the velocities after 
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faicrearingtod', will diminifih toC. Thedistanoe between A andCincludeB 
all velocities fiom nothing to the greatest, and in the two opposite diieo- 



^mi 



A 
a 



3 



tions ABandB A; the same would be true of C B, if made equal to AC: 
this distance A C, or C B, is called the length of a wave, and it is this which 
m red light is 256 ten millionths, and in violet light 174 ten millionths, 
of an inch (see page 119, text.) To represent to the eve the velocities 
of the different particles of edicr between A and D, the curve A a D 
is described, in which the ordinates, or lines in the same direction as 
of a, represent these velocities, as, fi>r example, a' a the velocity at a!\ 
the particles between D and C vibrating in a contrary direction, the 
carve D 6 C, representing their velocities, is traced on the side of the 
Ime A B opposite to A a D. In the same way the velocities between C 
and £, and between E and B, are shown by similar curves, on opposite 
sides of A R Let No. % represent a system of viraves in which the 
lengths M P and P O are equal to A D and D C, and let the motion 
between M and P coincide in durection with that between A and D, the 
curves of velocities M m P and A a D coinciding, and the motion be- 
tween P and Owith that between D find C, the curves Pp C and D 6 C 
coinciding; then it is plain that the motion of the particles between OQ, 
C £, and Q N, £ B, <Su% will be the same, or that the undulations will 
coincide throughout; one midulation will, therefore, add to the effect 
of the other, and the light will be the united light produced by the 
two undulations. The same will be true whether the point M coincides 
with A, with C, or with B, &c. ; that is, whether the lengths of the patiis 
of the two rays A B and M N are exactly equal, or dififer by one, two, or 
more undulations. If the rays, instead of movine^ in the same direction, 
meet under a small angle, the remarks will still apply ; and the first 
result, stated on page 115, text, is in accordance with the hypothesis, 
under consideration, namely, that bright spots, illuminated by the sum 
of the two lights, will be formed when the differences in the lengths 
of the paths of the rays, are d, (A C,) 2 d, (A B,) Zd.&jc. 

Next let the curves described in No. 3 represent the velocities in 
another system of undulations, S V and V U bemg equal to A D and B C 
in No. 1, the particles of the ether between S and V, as shown by the 
curve, being in a state of vibration from T towards S, those between V 
and U from S towards T, and so on. If the ray S T in No. 3 were biougUE 
to coincide with A B in Na 1, the point S being placed at A, the 
particles between S and V in No. 3 moving in opposite directions from 
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tiiOiebBtiK««iA«iidD,taid thofte bettvieen V«idU is o^ponlBiUrec- 
tioM from thoM between D and C, and their velocitiee being mippoeed 
equal, their motions would destroy each other, and the wave would be 
destroyed, or darkness would result. Thepath S T difleis from A B by 
the distance S V, or half an undulation. The same would be the result 
if No. 3 besan one undulation to the lefl hand of S, or two or more un- 
dulations, that is if the path ST, No. 3, differed from A B, No. 1, by one 
and a half, two and • half, &c. undulations. As the same consequences 
would follow, if the rays S T and A B met under a small angle, we infer 
(page 115, text) that Wnen the difference in the lengths of the paths, 
of the two pencils of ray», is ^e2 (A D), 1 J<2 (A £), 2^ d, &&, *< instead of 
adding to one another's inteusily, Ihey aesLroy each other and produce 
a dark spot." 

NaVL 
(Referred to from page 190.) 

Professor Hare has observed, in relation to the translucency of gold 
leaf; — "Gold leaf transmits a greenish light, but it is questionable, 
if it be truly translucent. Plac^ on glass, and viewed by tranemitiBd 
light,- it appears like a retina. It is erroneously spoken of asti oontinnouB 
superficies." The nature of the process by wiuch goM is reduced to 
leaves, stren^hens this conclusion. 

On examining gold leaf by the mlor microsoope, I find in it innume^ 
able rents, and also various ^rAdations of thickness ; the rents have 
their edges colored, a blue frmge appearing on one side, and a reddish 
brown on the opposite side ; the thickest parts trenmit no light, and 
through the very thin parts a delicate ^resn light is tnmsmitti^. The 
surface thus exhibited is very beautiful, The rents are visible to ttsa 
naked eye, when the leaf is very strongly illuminated. 

No. VII. 
(Referred to fVom page 237.) ^ 

The following classification of colored bodies is alluded to in the text, 
as given 1^ Sir David &«W8ter, in the life of Newton. The colois of 
each of the dasses require, in his view, to be ex-plaiaed upon different 
principles. 

1. *'TmiiBparent odored fluids, transparent colored gems, transparent 
colored glasses, colored powders, and toe ooIoib of the leaves and nowexs 
of ptants." 

The colon of these bodies are derived from the ahsoiption of particu- 
lar colored rays: thus, water at great deptlis appears red by transmitted 
light, owing to the abwrption of the blue and yellow rays which with 
the red constituted white light ; certain thicknesses of smaltrblue glass 
appear intensely blue by transmitted Hght, while at ereater thicluK»ses 
the glass appears red. In the case of opaque and colored bodies, as in 
the leaves of plants, we are to suppocte certain rays to be absorbed by 
the indefinitely thin fHm through which the rays reflected from any 
surface may be supposed to pass, the oomidementary tint being reflected; 
as ail the incident Hght is not reflected, the transmitted tint will be oom- 
plemenmry to the c<»orB absorbed, and thus the body will appear of the 
same col<n> by both reflected and transmitted light. Cok»red powden 
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wtral4 leem not always to belong to this clan, siiice many of them 
cluinge their hues with a change in the size of the particles. 

2. ** Oxidations on metals, colors of Labrador feldspar, colors of precious 
and hydrophanous opal and oilier opalescences, die colors of the feathers 
of birds, of the wings of insects, and of the scales of fishes." 

To these the Newtonian theory is strictly applicable. 

a ''Superficial colors, as those of mother-of-pearl and striated sur- 
fiices." 

4. " Opalescences and cokns in composite crystals having double re- 
fraction. 

& ** Colors from the absorption of common and polarized light, by 
doubly refiacting crystals." 

6. ** Colors at the suriiices of media of difierent dispenive powers." 

7. ** Colon at the surfiices of media in which the reflectuig forces 
extend to difierent distances, or follow different laws." 

No. vm. 

(Referred to from page 251.) 

The nhiloeophic toy called by its inventor. Dr. Paris, the fhattmatropej 
or wonae^tumer, illus -..--,... 



illustrates very perfectly the fiict of the duration of 
) retina, 
one side of the card, represented in the diagram, is drawn a chariot 

A. 



impressions on the retina. 
On on 




and horses, and on the opposite side the charioteer; on causing the card 
to revolve by tuminff the string C and D between the thumb and Sxe- 
finger of each hand, the charioteer appears in the act of driving the 
chariot, as in the figure. It requires but little skill to give to the card, 
exactly the motion, which shall perfectly unite the two objects on the 
opposite sides into one picture, and yet not render it confused by the 
rapidity of the turning. Many amusing illustrations accompany the toy ; 
for example, Harleqwn and Columbine are painted upon opposite sides, 
and by a turn of the card are seen to join in a dance : royalty, stripped 
of its robes, occupies one side of the card, and the robes the opposite, 
the robes are donned by a turn : a potter seated at his wheel moulding 
die unformed day, occupies one side of the card, and an urn is grasped 



by an arm on the reverse; on turning, the um appears grasped by the 

" * '" " -^ ^ '*^ iBse being yet unfinished. 



potter's arm, the foot of the vase I 



883 A TR£ATI8B ON OPTICS. 

Na IX. 
(Referred to from page 881.) 

Referring to his new analysts of the solar spectnim. Sir David Brew»> 
ter advances the following hypothesis to account for cerUuB &£ the 
cases just detailed.* 

"By means of this analysis we are now able to explain the phe> 
nemenon observed by those who are insensible to particular colors. 
(Edin. Joum. Sc. No. AlX. old series. Na IX, new series.) The eyes 
of such persons are blind to red light ; and when we abstract all the 
red rays from a spectrum constituted as alreadyt described, th^e will be 
lefl two colore, wue and yellow, the only colors which are recognized by 
those who have this delect of vision. To such eves, light is always 
seen in the red space ; but this arises from the eye being sensible to the 
yellow and blue rays, which are mixed with the red light. 

Hence blue light ^vill be seen in the place of the violet, and a greenish 
yellow will appear in the orange and red spaces, or, which is Uie same 
thing, the spectrum will consist only of the yellow and the Hue spectra.. 
The physiological fact, and the optical principle, are therefore in perfect 
acconlance; and while the latter gives a precise explanation of the 
former, the former yields to the latter a new and an unexpected sup* 
port" 

The details of the cases referred to, full)r sustain this conclusion. 
There are other circumstances connected with them, and with others 
described in the text, page 260, not unworthv of notice. 

In the second of the cases desciihed in the Journal of Science, Na 
XIX, although the individual never failed to detect a full blue or a 
full yellow, he seems to have had very imperfect ideas of those colors 
when presented in a state of mixture ; green, as such, he did not know, 
and when blue was diluted with yellow, forming what to a good eye 
would appear yellowish green, the blue tint escaped him, and the mix- 
ture appeared yellow. In like manner, his discrimination of yellow, 
when mixed with blue, was very defective; he called grass green 
yellow, and yet ydlowish green appeared to be " yellow with a good 
deal of blue in it," This remark may serve to explain why the same 
white seen at different times, appeared to him to vary in its tint, at one 
time being white, at another *• white with a dash of^ yellow and blue," 
at another '* white with yellow and blue in it" When requested to 
arrange colore so as to produce the stnmgest contrasts, he divided them 
into two classes, to one of which he gave the name of Uue, and to the 
other yellow. In these contrasts he invariably placed v.hite among the 
blues, and was never perplexed, as in the preeeaiog examinations, when 
tasking himself as to the precise risades. That white should be classed 
by him as Uue, appeare consistent with the other observations, for 
being blind to red light the tint of white should be that which appeara 
when red is removed from the spectrum or a bluish green, which tint 
he saw as a blue. 

In examining other cases we shall find reason to be satisfied that this 
blindness extends to light of other colore than red, and that in those 
cases also there is a want cf discrimination between shades in mixtures 
of the colon to which the eye is sensible. The Plymouth tailor, whose 

* Edinburf^A lVan». Vd. XII, Part. I., or JSkiin. Joitmalqf Science, No. X 
'lew series, 
t See text, p. 60. 

V 
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COM 11 dewribed by Mr. Harvey (see page 260, text), feems not to hare 
been entirely blind to red light, and to nave been in a measure blind 
to blue; thus the prismatic spectrum appeared to consist entirely of 
yeUow^ and light hiue; the red, orange, and yellow spaces appearing 
as if red had been withdrawn from them, wnile the full blue, the in- 
digo and violet were liglA blue, and dark blue and indigo stuffi ap- 
p^red to be black, and crimson was either Hue or Hack, A dark green 
ne resavded as 6roion, by which, since he was blind to red light, he 
must nave meant a shade of black, and light green as orange, by 
which, lor the leasoD just stated, he meant a variety of yellow. The 
blue in both these mixtures escaped his perception. 

An extreme case seems to have occurred in the vision of Mr. Harris, 
of Allonby, who, according to the statement of Mr. Huddart, could 
only distinguish Hadi fiom whiit, or was entirely blind to colon. 

It is mudi to be desired, ibr the elucidation of this curious subject, 
that more well examined cases were on record. The colon of the 
spectrum afibrd rigid tests, not to be ibimd in colored stuffi ; and by 
such tests only, the minutia of peculiarities of vision can be satiafac- 
lorily detennined. 
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ADVERTISEMENT. 



The object of the following Appendix is to place in 
the hands of the students of our Colleges, a text-book 
which will furnish them with some of the analytical 
methods of the most recent writers, upon the elements of 
Optics. 

The work of Su: David Brewster is from the pen of a 
master, and presents, in a popular form, the results which 
have flowed from experiment and from theory, applied to 
the investigation of the difl^rent branches of Optics. The 
Appendix merely aims at supplying to the student the 
mode of determining the results given in the text, more 
particularly in what relates to Reflexion and Refraction. 

It may not be amiss to state, that I do not present, to 
the notice of instructers, an untried course, but that most 
of the^ropositions in the following pages have entered 
into the mathematical portion of the course, taught to 
the Senior Class of the University of Pennsylvania. 

The works in which the full development of these 
subj^ts may be found, and which have been consulted 
in the composition of the Appendix, are Coddington's 
Optics, Coddington on Reflexion and Refraction, Lloyd's 
Treatiso on Light and Vision. The more advanced 
student will find the subject treated by the most general 
methods in Herschel's Treatise on Light. 

A. D. BACHE. 

Philadklphia, March, 1833. 
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REFLEXION. 



CHAP.L 

BEFLEXION BT SPHERICAL AND PLANE MIRROR8* 

(1.) In conuMflring fhe easei of xeflezioa fiom iplierioalor plaii« 
■ur&OM, two diviaioDS will be ZDAde : in the first, the axis of the 
incident pencil will be sn^vpoeed ]9er|)endicular to the sorfiice of the 
minor, in the ■eoond, ohliqae to it; in the first case the pencil is 
termed direet, in the second, obUque^ 

(9.) PMr. L lb determine ike farm gUaen hy reflexion to a email 
dtreei pencil ef lif^ freeeedimg from a poiM in tie ame efa 



Cask 1. Inflg. &, p. 18 of the text, let A represent the radiant 



point of a pencil of diverging rays, Fits fbcos, and C the centre 
of a eoneme mirror. Call AB bs u, FD gb e, and CD » r. The 
of reflezian FMC bem^ eooal to the angle of incidence 
IC, the line CM bisects the vertical angle of the triangle ABlFi 
whence (Legendre's GeouL, Book III^ Art 301^ or Eudid, VL 3.) 

AC I AM :: FC : FB£, or 

AC _ FC 

AM FM 

Tb» pencil being, by sopposition, very smaU, the pdnt JIf is very 
near to D, hence vx the amirozimate value of AM we may take 
AD, and fiir that of FjK; FD. The equation jnst finmd becomes 

AC _FC 

AD FD ' 

By the notation adopted abore AC ss AD -^ C/> aa u — r, and 
FC'^CD^FD^r-^v. We have therefi>re 

tf r _ r — e ^ 

u V 

1 — — = — — 1 , whence 

U 9 

* TliriHiflioot the Appendix, the ftodent is sapposod to bt aeqaaintid 
with Uw oorraspondiaf diapcsn la tjM body of the work. 
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dividiiig by r and transposing 

2^,JL:stJL fr) 

(3.) Car 2. We next prooeed to Ih^case in which a converging 
pencil fiiUs upon a concave mirror. J^. 10., p, 20 of the text 

AM, AN representing the tW6 e^eme rays of the pencil, eon- 
verging to A\ the imag^ary radiant poin^ MF and NF are the 
reficcteid rays. The ramus OM therefore bisects the angle AMF, 
the outward angle of the triangle A'MF, and (Euc VL A.) 

A'C _ FC 

AM FM' 

but for AM and FM we may st^bstitnte AD and FI>, tbeir ap. 
proximate values, whence 

AD "^ Fd' 

Using the notation be&re employed, AD ab u, FD av «i and 
DC*»f, whence AC » » + r, and FC « r -^k; tiwae vdues 
substituted in the equation just found give, 

ii 4. r r-*-» ^^ 



' 1+I.= I- — Irad 

-^+-1-=^ (b) 

tt * r 

(4.) Comparing equation (b) with (ae) We find that it differs firom 

it only in the sign of — whieh is positive in (a) and negative in 

(b) ; both these cases ma^^ therefore, be represented by the same 
equation, if we agree to give the positive sign to the distance of 
the radiant point for diverging rays, negative £>r converging fays ; 
that is, if we consider the distance («) positive, when the radiant 
point is in firont of the iaairror, negative when it is behind the 
mirror. 

I£ then, lb. tt represents the distance of the radiant pobt ^om the 
mirror, will denote the degree of divergency or oonvergency 

-" 1 . 

of the incident rays. In like manner, — . will represent the oon- 

- V 
vergency of the reflected rays. FVom orations (a) and (b) 
1^12 



COKAF. I. BJBIXBXION. II 

when r b a oooitant quanlity; a result which may be thus ez 
preflMd: the divergtncy (fir eonoergenev) of ike incident ray$ fa* 
gether wUk the canvergency of the rejUeUd raye ie a conetant 
ftunUUy for the same fnirror. The curvature of the mirror 10 

measured by — , the reciprocal of the radios. 

(5.) Cask i. Diverging rays Ming upon a eotnex mirror. Fig. lUy 
p. SI, tact 

The line CMf bisects the outward angle of the triangle AMP^ 
w])iBca(Ca&VI.A.) 

^^I!L at 
AM FM ' 

Bobstitiiting their appfozimate values fir AM and FM, 

AC FC 

AD FD 
and by the notation adopted in the cases already considered, 

1±I = !!=£, whence 

1 J d . 

» "^ r "~ r 

On •onipsanf this equation, in which wb have made .-- pos^ 

u 

tive as it corresponds to a real radiant, with (a), we perceive that 

1 2 
the signs of both -=. and are different IVom the figure we 

» r 

observe that v corresponds to an imaginary Ibous, and that file ra- 
dios is new behind the mirror. Equation (a) may, then, be used 
to represent this case if the mm of the ra^us be changed ; the re. 
suiting negative value of the heal distance correapondB to a ibcus 
behind the mirror. 

(6.) Cask 4 Converging rays Ming upon a eonvex mirror. The 
fismula far this case may be deduced from Jig. 12., if £ JIf and 
BJV be mads to represent the inoidAnt, snd JITjI, if jl the x«aect»d 
rays. We should have by proceeding as in the hst oase^ 

FC _ AO^ ^y 

FM AM* 

FC _ AC^ 

FD AD ' 

and since FD n u, F being the imagmary radiant pomt, and 
ADuan, A hMDg the toia; FCwmr-^u, and ilC «> r 4. • 
whence 



13 ooimx xnsoBa.— <nifxsAi, foxmui^. tLrnsmn. 

tt 9 

-± + ±^-± (d) 

II © r 

fhe first term beimr made negative to oorrespond to the case of 
oaoTergiiig rays. This fomnua differs fixxm (c) in the sign of 

L , which was negative in (c), and in that of iL . The figtue 

shows that « in this hitter case corresponds to a real ibeus, while 
in thife former — e denoted the distance to an imaginary focos. 

The ch«M, rf -gn in i c^ft™. to the r-nark. n»d, b 

article (4) 

(7.) Comparing the four equations (a) (b) (c) and (d), we per 
ceive that the iomnila 

u V r 

maj be made to indode them all, bj attribating to «, and r, respec 
tivelj, the positive sign when the radiant point or the centre is in 
front of the mirror, the negative sign when either of these points 
IS behind the mirror, and by considering the positive value of e as 
conesponding to a focus in front of the mirror, its negative value 
to one behind it 

(8.) We might have commenced by giving to the stndent this 
eonventbnal mode of c(»sidering the quantities used in the an- 
al^rsis, an^ then have deduced the general equation hj reference to 
a single diagram : we have preforned in the outset to show him that 
the variations in the algebraic signs are not arbitrary, but required 
by the geometrical relations of the quantities. 

fVom the formula 

1 . 1 _ 2 ,, • 

u V r 

we deduce the general rule, that the man of tfts vergenetes* of tkt 
incident and refleeUd pefwih ia a eoMtant quMntity, 

(9.) Having obtained an equation (1) expressing the relation be 
tween the distances of the radiant point and focus of a small pencil 
by means of the radius of the mirror, we shall proceed to interpret 
it in iti application to different kinds of mirrors, and under different 
circumstances of the incident pencil. 

*TMs convenient term, ezpreniDg, ai the cate may be, either divergency 
or eonveifeney. is propoeed and need by Uoyd in bi« Treatiie on liiglit and 
Viiion. 
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Prop. II. 7b determine the form given to a tmaU peneU ofrayB by 
reflexion from a plane mirror. 

In the plane mirror the radius is infinite, or — = o , whence 

firom (1), 

111 /ox 

— + — = (2). or, 

W V 

VSB tt. 

The fecus and radiant point are at equal distances firom the 
mirror, but on opposite sides of it. 

(10.) J£ parallel rays fall npon the mirror u s oo , and e &= -~ ao , 
or the reflected rays are parallel This corresponds to the case 
represented in Jig, 4., p. 15, text 

(11.) If the rays diverge before reflexion, the formula 

J__ 1^ 

V u 

shows that they will be equally divergent after reflexion ; and 

DBS tt 

that the ibcns is as far behmd the mirror as the radiant point is m 
front of it Fig. 5., p^ 15, text 

(12.) For converging lays (Jig. 6. p. 16, text,) u takes the ne|;a 
tive sign, and (2) beounes 

— — H = o (3), whence, 

— = -i 

V u 

e Bs tt . 

The sign of v being positive the focus is real, iti distance v in 
fifont of the mirror is equal to the distance of the imaginary ra- 
diant point behind it 

(13.) Prop. III. Reflexion of a nnaU pencU of light hy a concave 



The formnia whici 


1 applies to this i 


sase is. 




tt 


V r 


....(1). 




By transposition 
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= 
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r tt 


2tt— r 
ttr 


or 




ur 







a»-r 
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This value of v gives tbe rule on page 19 of the text 
(14.) When the rays are parallel — = o . And 

V r 

r 

. = _. 

The sign of v being positive shows that tbe ^us is in front o) 
the mirror, and its value S. , that the focal distance is half the 
radius. This is represented in /Sgf. 7., p. 17, of the text, where 

Tlie focus of parallel rays is called the principal fbcus. As it 
serves as a point of comparison fijr the fooi of otb^ rays, we shall 

o 
represent its distance by a iQrmbol, /. Placing for — its value 

r 

JL , fermuk (1) becomes 

^ J_+i=J, (4). 

(15.) The next case to be considered ir that of diverging t^jb. 
In this, tt is positive and the formula is , 

1- — = -7- (4), whence, 

u V f 

J_^___ J 1_ 

« / tt 

As long as tt > /, or tlie point A in Jig, 8., p. 17, is farther 

than the principAl focus firom A we hiwe — < — , apud JL 

1 . . « / / 

-: IS a positive quantity, or the raye converge after re- 

tt 

flexion. Since -_ < _ , we have -L < _L » and 

/. » / » / 

c> /, or the focus is farther from the mirror than the principal 
focus. 

If we suppose, besides, that A is beyond the centre C, we have 

a > r, and _ < — , whence -i L,or-_ ^^? 

u r f u r u r 

, or >. , and — > — , or o < r, the focal distance 

r r V r 

IS less than the radius. 
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We infer, then, that rays diverging from a point beyond the 
centre of the mirror, are reflected to a point between the principal 
focus and the centre. 

As diminishes in valne, — eyidently mnst increase, or, 

u V 

as u increases, v diminishes, and vice versa : that is, as the radiant 
point recedes from the mirror the focus approaches it, and vice 
versa. When the radiant point becomes infinitely distant, the rays 
are parallel, and their focus is the principal focus. 

We have seen that as long^ as the radiant point is fiirthcr from 
the mirror than its centre (that is, u > r) the focus cannot coincide 
with that centre (or v < r) which it approaches. If u s= r, or the 
radiant point coincides witli the centre, then 



1 11 2 1 1 ^, 

— = — -— — = — — — =s — »ar, 

V f r r r r 



and the rays are reflected to the centre. 
Let the radiant pomt now pass the centre towards the principal 

focus, that is, let tt < r, and at the same tune tt >/, or — > - 

« r 

and _ ^ _ . Since _<_*_, J. L is still a positive 

quantity; the rays are, therefore, still brought to a focus: but 

1 1 1 1^-2 1 1 „i,«„^ 

smce — > — , -_ or < — , whence 

u r f u r u r 

1 ^ -L and > r ; that is, the focus lies beyond the centre. 
V r 

When the radiant point couiddes with the principal focus u as/ 

whence, — = — , and — = _- = o, or o = oo 

tt / V f u 

the rays are rendered parallel by reflexion. 

If we suppose the radiant point to approach still nearer to the 

mirror, so that u </, we have — > -v- 1 whence ^_- is 

t* / / tt 

negative ; that is, — has a negative sign, or the focus is 

V 

imaginary, the rays diverging after reflexion. The divergency 
of the reflected rays is less than that of the incident rays, 

for J-^^/J L\, and i L<JL, the di. 

V \U f / tt/tt 

vcrgency before reflexion. 
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(16.) For the case of converging rays fallingr upon a concave mir- 
ror (Jig, 0^ p. 19, text,) we make, in formula (4), u Degative ; whence, 

111 /icx 

= -?- (5), or, 

V u f 

V f u 

The sigrns of the quantitiea on the right-hand side of this eqna^ 

tioQ being both positive, is always positive. Convergmf rajs 

V 

1 1 
are, therefore, always brought to a ibcns. Moreover, since — { — 

> — , JL > , or the convergency is greater after, than be. 

u V u 

fere, reflezioo. Since 1 > — » — > — and v </, 

u f f V f 

wlience the fiiens of converging rays is nearer the mirror than the 
principal focus. 

Substituttng, in equation (5) fi>r — , its value _ , and trans 

.1 -^ *■ 

posmg — , we have 
tt 

JL = A + J- 

V r u' 
whence the value of « is 

ur 

agreeing with the rule on p. 20 of the text 

(17.) Prop. III. Reflexion of a small pencil of *ay9 by a eonoea 
mirror. 

In this case, r, the radius of the mirror, takes the negatVe sign^ 
and equation (1) becomes 

± + ± = -± (6). 

u V r 

(18.) For parallel rays (fig, 11., p. 21, text,) — = o, whenct 

^ = -.-ort) = — l. 
« r 2 

The focus is behind the mirror, and at the distance, from the 
vertex, of half the radius. 

If we call the principal focal distance /, the formula for the ro. 
flexion by a convex mirror becomes 

4 + 4- = -! "> 
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(19.) For ii»trgimg ray* (^. 13^ p. 21,) we have 

1 _ 1 1 - /I + 1\ 

— - - 7" "ST - - Vt ^ "^r 

and therefore — is always negative ; sach rays diverge after re- 

V 

flexion, and since — -{- — > — , or — > , their di- 

f u u V u 

vergenny is increased by the reflexion. 

(20.) Figure 12. will, as has already been stated, represent the 
case of eonverging rays falling upon a convex mirror, if we sup- 
pose BAf, and BNto represent the incident rays, meeting in the 

imaginary radiant point F. To express tliis case analytically, u 
must be made negative, and the formula is 

— -- = ^-^ (8). or, 

J_ _ J 1^^ 

V u f 

The position of the fixsus, as shown by this equation, passes 
through variations, corresponding to those in the case of diverging 
rays railing upon a concave mirror (Art 15.). 

(21.) It is sometimes convenient to refer the distance of the ra- 
diant point and foctis, to the centre of the mirror, instead of to the 
vertex. Formula (1) may be readily transformed into one which 
shall refer to the centre. 

Prop. TV. To determine the relation of the distance of the focus and 
radiaTU point, of a small pencU of rays, from the centre of a 
mirror. 

By Jig. a, p. 18, text, it appears that AD = AC + CD, and 
FD^CD — CF. Calling ^C = u' and FC =a i/, CD, as be- 
fore, = r, AD = u, and FD = © ; we have u = a' -f- r, and 
c = r — »'. 

Substituting these values of u and v in the equation 

JL J- J_ = -?- (1), it becomes 

u V r 

1 , 1 __ ^ 

tt'-hr *^ r — 1/"~ r ' 

ti' 4- r r — vr 

_!: 1 = 1 !: 

r-c' tt' + r 

B2 
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Bdnging to a oominon denominator the quantities on both odes 
of the equation, and reducing, wo have, 



r — v' tt' + r 
r — p' ___ tt' -f r 
~^ S^' 

^-1=1+^, or. 

L-i,= A (9). 

(22.) This equation is the same in form with the one found 
when the distances were estimated from the vertex, except that 
the sign of u' is negative, the distances i/ and t^ being now 
reckoned in opposite directions. 

Equation (9) might have been deduced directly from the relation 
of the lines AM, FBI, AC, CF, Jig. 8^ in the triangle AMF. The 
solution of the question by that method, would &ve been more 
simple. 

(23.) If we substitute for .=. , in equation (9), its value i. , we 

have 

J,__V=4......ao). 

V vl f 

From this equation, may be deduced the relation expressed m 
the following proposition. 

(24.) Prop. V. The distance tf the principal foeits of a mirror from 
.the centre, is a mean proportional betteeen the distances of the 
radiant point and focus of any small pencil, from the principal 
focus. 

Equation (10) gives, 

t»' / ^ «' JiT^ 

v' = - ^ , » whence, 
/-I- tt' 

in which proportion / — t/ represents FO (Jig. 8., p. 18, text,) or 
CO — CF, and u' -f /, AO or AC + CO. 

C25.) The subject of reflexion at curved surfaces in general, will 
oe treated briefly in a subsequent chapter. The properties of the 
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surfaces ftnned by the revolution of the parabola and ellipse about 
their axes, are readily understood, from very simple geometrical 
considerations, and gain nothing by being presented analytically. 
They will, however, he referred to in another part of this Appendix. 
(26.) We pass next to the reflexion o£ a small chlique pencil by 
a spherical mirror, on which subject two propositions will be 
given ; in the first will be considered the case in which the axis 
of the pencil does not cross that of the mirror, and the pencil falls 
upon the mirror near to the vertex, and in the second, tiie case in 
which the axis of the pencil crosses that of the mirror. 

(27.) Prof. VI. A tnutU pencil having its radiant poitU out of the 
axis of a mirror, meets the surface near the vertex, required the 
form of the reflected pencU, 

Fig. A. 

& 




Let LMN represent a section of the mirror, made b^ a plane 
passing through the lines MR and 3fC, or through the axis cSt the 
pencil and the centre of the mirror. RL is an extreme ray of the 
pencil incident very near to M, LF is the corresponding reflected 
ray, meeting the reflected ray MF, which corresponds to the axis 
of the pencU, in the point F, i^ is the focus of the pencil LRN, 
in the plane of the section RMC, 

(28.) To determine the focus of rays which meet the mirror in 
a plane perpendicalar to RMC ; suppose a plane to pass through 
RM at right angles to that of the figure, this plane will cut firom 
the pencil, RLN, two rays, which reflected will meet the axis, MF, 
of the reflected pencil, in the focus required. If; now, a plane be 
passed through one of the incident rays, just described, and the 
corresponding reflected ray, it will pass through the centre of the 
mirror ; the hue RC, joining the radiant point and centre, will be, 
therefore, its intersection with the plane RMC containing the axis 
of the incident and of the reflected pencil ; and the point, F\ in 
which RC produced meets MP, will be the point in which the sup- 
posed plane meets MF, that is, the focus of the reflected pencil. 

The focus, of the reflected pencil, in any plane between RMC 
and the one at right angles to it,* will be found between Fand F' 

*Coddington terms the former of these planes the primary plane, the 
atter, the secondary plane. 
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(99.) To dflteriniiie, analytically, the poaitioa of the point F; 
dxmw from the vertex Af, MX and MZ perpendicular, respectivelj, 
to RL and LF; abo from C, CP and CQ perpendicular, reapeo- 
tively, to RM and MF, Aa the arc LM is yery small, it may be cob- 
aidereid a straight line perpendicular to the radius CL ; whence the 
incident and reflected ravs making equal angles with CL^ also make 
equal auffles with LMy and the triangles LMX and LMZ are 
similar. JBut they have the side LM common, hence they are equal, 
and MXia equal to MZ. The two triangles CPM and CQM being 
also equal, CP is equal to CQ. And since CT and CS may be 
considered as perpendicular to RL and LF^ they may be taken aa 
equal. WheDoePTa Q/SL By the similar triangles J£PT and /iJICX; 

RP : RM:: PT : MX; 
and by the similar triangles FMZ and FQ/S^ 

Q/S : MZ:: FQ : FM; 
whence, since PT=s Q/S, and MX^ MZ, 

RP : RM:: FQ : FM (e). 

Let RM=: tt, MFsz o, CM^r, and the angle RMC =: f . 
Then, 

RP^RM—BfPz^^RM^CM. coe JRJIf C, or, 

RP ss « — r cos ^ ; and 

FQ^MQ — MP^JWa . coflCMF— JIIF.or, 

FQ = r. COS ^ — V. 

By substituting, in the proportion (e) above, fbr RP, and FQ^ 

the values just found, and fi>r RM, and FM, u, and o, we have 

u — r. cos ^ : tf : : r. o«t ^ — © : ©, or. 



tt >— r. cos r. 608 ^ — ». 



Dividing by r. 



1 cos _ cos ^ 1 ^ 
r tt » r 

^ll + S^=± (11). 

t> tt r 

whence, 

nr 

cos ^ 
(30.) To interpret equation (11) geometrically, we should ob. 

serve that the ratio of MX to RM, that is, ( ^\ , measures the 

\RM/ 
divcrgenOT of the incident pencil LRN. Bat in the triangle MXL, 
MX = ML . cos LMX, and since the angles XMR and LMC 
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ire nearly right angles, LMX is nearly equal to RMC, or MX =a 

ML, COS f. ,^ therefore varies with -22LS , which, conse- 

RM u 

qnently measures the vergency of the incident rays. In like 

manner, ^SLJL eipresses the ver^enc^ of the reflected pencil 

We infer, then, from (11), that the turn of the vergenciea ofth* 
incident and reflected pencUa is a constant quantity. 

If ^ = 0, or the rays proceed frmn a point in ike axis, cos 
^ s 1, and formula (11) becomes 

J_ . 1 _ 2^ 
.u • r ' 

agreeing with equation (1). 

If the rays are paroUe^ .'*?*~^ = o, and 
• r 

(31.) To find the uosittoa o£ the point F\ for the plane perpen. 
dietdar to RMC^ we have, in the triangle RmC, 

MC : MR i: Bin MRC : sin MCR, or, 

ealling the angle JRC/>, 9, whence MRC =s $ — ^, 
r : u : sin (0 — ^) : sin d, 
r _ 8in(g — ^) 
tt sin 

and, by substituting Sat sin (9 — ^) its value, 

r sin cos ^ -^ cos 0. sin ^ 

tt sin 

If MF' be called i/, we may deduce from the triangle CMP 
by a method similar to that just used, 

r _ sin (e -f. ») 
__ = ; — L — , or, 

t/ smO 

r sin 9. cos -4. cos 0. sin 

"7 sine ^ * 

Adding together the values found for — , and — -- , and re. 

u W 

ducing, we find^ 

JL + ^ = 2.cos^,or. 
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JL + _L = ?:^eL? (12). 

u v' ^ r 

Sinee f"* ;. repreaentfl (he yergencj of the incident rays, and 
u 

^^^ that of the reflected rays, it is evident, from (12), that the 

mm of these qmmtitles, far the incident and reflected rays, in the 
secondary plaiw, is not constant for the same mirror, bat depends 
upon the angle, ^, of inclination of the axis of the pencil, to the 
axis of Uie mirror. 

(32.) Paop. VII. A 8maU oblique pencil ero8$e$ the axis before 
meeting the mirror^ required the form of the reflected peneU, 

Fig.B. 




In the figore, JR is the radiant point, RL the axis of a small 
pencil, of which one of the extreme rays is RN; MC is the axis 
of the mirror, which is cut by RL at the point D, J* is the fecus 
of the reflected pencil in the plane RMC, F* (finmd as in the 
last proposition) is the fi>cu8 in the plane perpendicular to RMC. 
In this propoeiti<m must be found, besides the distances LF and 
LF\ the point F, at which LF cuts the axis, and the relation of tiie 
angle LYM to the angle LDM, which latter angle is given. 

Call, as in article (29.), RL sau^LFsz v, LF' =2i/,CL^r; 
tUtao let MY :=:zz,MD=^b. 

Since CL bisects the angle DLY<, we have, 
YL : DL :: YC : DC, 
or, taking for YL and DL, the distances YM and DJIf^ which are 
nearly equal to them, 

YMi DM:: YC : JW7. that is^ 
*« : b :: r — z : b — r, or, 

r — g b — r ^ 

z b 

-L_jL=J__4...„d' 

z r r b 
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. 4 + 4-= 4 "-^ 

An eqaation from wMch x may be determined. 

The approximate value of the angle LYM. may be obtained by 
irappofling that the tangents of hYM and hT>U are to each other 
aa the distances YK and DM^ or, 

tan Y _ Ktf __ _«_ 

tanZ> DM. A ' 

The distances LF and hF* wiB be riven, as before, by the 
equations « — » » .^ 

CQg^ ,008^ a /TIN J 

's-^ ^r==T- ^^^^'""^ 

1 2. cos^ 

— « ;n ■ Z 

V r 



i+ 



.(X2). 



CHAP.IL 

FOBMATION OP IMAGES BY REFLEXION. 

33.) In discussing the subject of te formation of image» by 
reflexion, the surfoce of the mirror will be assumed to be spherical, 
and the most useful case will be solved; namely, that of a plane 
perpendicular to the axis of the mirror. The objects, of which 
images are to be formed by mirrors, when not plane, are generally 
of irregular forms, and the images can be found, only, by points. 

Prop. VIII. 7b determine the image vf a plane^ perpendicular to 
the axit of a mirror, 

Fig.C 




In the figure, let ilflV be the intersection of the plane constituting 
the object, with a plane passing through the axis of the mirror. It is 
evident that if a small pencil of rays be supposed to proceed from 
each point of MN, and the several foci of the pencils be dster. 
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mined, the assembla^ of the points thus foand will give the 
image. From M and IV, through C, the centre of the mirror, draw 
MB and NA^ the axes of two pencils of rays from JIf and N, and 
upon which, therefore, the foci of the pencils will be found. Let 
the locus of the pencil, of which MB is the axis, be at m. 

By our former notation, (art 21.), MC = u', Cm = i/, and CB 
=s r. CaO CE, the distance of the object from the centre of the 
mirror, d ; and the angle MCE, $ : then, since 

CE=zCM. COB MCE, 
<f s= tt' . COS I), or, 

cos 9 

The general formula, for the relation of the distance of the ra- 
diant point, and of the focus, firom the centre, was, art (23.), 

and, substituting the value of u\ just found, 

v^T"-^ ^"^- 

The polar equation of a conic section, the focus being the pde, 
is (Young's Analyt Geom., Chap. V.) 

r = A- 



' 1 -^ e . cos w 
1 1 , e . cosw 



This equation will be identical with (14), if we stippose JL = 
h, I = ±, _±_= >L.and« = e. 

t»''^(l — «2) / '^(1 — «3) d ' 

The image of the line MNia, therefore, a portion of a conic aec* 
lion, of which C, the centre cf the mirror, is one of the foci, 

(34.) Since /= A (1 — e») = il A — ^) = ^, (Analyt 

Geom.) the semi-parameter of the conic section, and / is constant, 
it follows that the radius of curvature at tlie vertex of the conic 
section, which is equal to the semi-parameter, is independent of 
the distance of the object from the centre of the mirror. 

(35.) We proceed to examine the variation in the figure of the 
conic section just found, when the distance of the object from the 
mirror varies. 
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first, let the object be inimitelj dutaiit Then, _ = o, and 
= 0, that is, e ss 0, and the image is a portion qf a 



A(l-.e») 

ctrcZe, corresponding to the equation J: = _ , or, t/ = JL . 

v' r d 

The radius of the circle is half that of the mirror. 

As the object is brought nearer to the mimr, A diminishes, or 

i. increases ; but, -L = ^ and, ance A (1 — e») =/, 

or is constant, e must vary as -_ , and, therefore, increases. As 
d 

< 1, and the image is a portion of an eUipae, 

When d ss/, e ss 1, and fin cnrre is a partMa, Ftit d </, 
e > 1, and the curve becomes a branch of tJtyperhola. 

If (2 =s 0, or the object passes through the centre of the minor, 
_ = 00 , and e is infinite, or the image is a ttraight line, coin- 
ciding with the object 

When the object passes the centre, towards the mbror, d be. 
comes negative, and the equation (14) changes, if we reckon from 
(?C,to 

4 = f-^" (^^ 

This equation gives a hyperbola while d-cf, tk parabola when 
d ==/, an ellipee when d >/. 

Each of these cases presents curious circumstances. For ez- 
ample, in the case, d </, if a point be taken in tiie object, so that 

tt's/, that is, -i-^ s=s /, the equation for the &cal distance of 

COB B 

the pencil proceeding firom that point, is 

sss Of t^ s=s CO I 

V 

the image is infinitely remote from the mirror. If we suppose the 
object to be sufficiently extended to cut the mirror, the pomt com* 
mon to the object and mirror is its own image, and for that point 
tf' = r, and v'= r ; between the points for which u' ^r and j/ 09 
/, the distance of the image has varied from r to infinity, anid, 
therefore, that portion of the object which is between these limits^ 
has a virtual image, the part of each branch of which, between 
«' = r and the vertex, is wanting. 
C 
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The part of the object between v! =s.d and vl = /, has its image 
beyond the centre; it is the branch of a hyperbola conjugate to 
tlie first 

(36.) If the section of the object be an arc concentric with the 
mirror, v! is constant, and 

f>' / tt' 

is constant, or the image is also a circular arc concentric -ndth the 
mirror. In this case, the relative magnitudes of the object and 
image are as their distances from the centre of the mirror. 

(37.) We have considered a section of the object, of the image, 
and of the mirror, made by a plane passing through the axis of 
the mirror ; if these sections be supposed to revolve about the com- 
mon axis, tlie section of the object will generate a plane, and that 
of the mirror, and of the image, surfaces of revolutiox;^correspond> 
ing to the sections. 

(38.) The case of a convex mirror is embraced by equation (14), 
if r be made negative. 

For the plane mirror, r = oo , and — t=s o, whence, 

A = ^' (16). 

and the image is similar to the object. 
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REFRACTION BY PRISMS AND LENSES. 

(39.) The most sunple case of the refraction of light, is that in 
which it takes place at a plane surface. The perpendicular being 
drawn, the refracted ray is connected with the incident, by the law 
(p. 29,text^) that the sine of the angle of refraction bears a constant 
ratio, for a given medium, to the sine of the angle of incidence. 
To represent this law analytically, suppose a ray passing from a 
rarer to a denser medium, call the angle of incidence <p, the angle 
uf refraction <p\ and let the sign of incidence be to that of refrac- 
tion, as m is to 1, when m will represent the index of refraction of 
tfie denser medium, that of the rarer medium being unity; we 
have 

sin : sin 0' : : m : 1, or, 
sin ss m . sin 0' (17). 
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When the raj passes from a denser to a rarer medium, ^' repre- 
sents the angle of incidence, and ^ that of refraction. 

If the angles ^ and 0' be very small, thej may be taken instead 
of their sines, in which case, 

s= m . 0'. 

j[40.) The difference between the angles of incidence and refiac- 
tion is termed the deviation of the ray, for a single surface. When 
the angles are very small, we have, ror the deviation, 

— 0' ■= 1110' — 0' B= (m — 1) 0', 

— 0'«5ZZl.0 .....(18). 
fit 

The deviation, therefore, when the angle of incidence is small, 
bears a constant ratio to that angle. 

(41.) The case of the ioUd reflexion of a ray moving in a denser 
medium, and arriving at the separating surface of the denser and 
of a rarer medium, (pp. 34, 35, text), is comprehended in equa- 
tion (17). The ray passing from a denser to a rarer medium, if 0' 
be taken to represent the angrle of incidence, and that of refrac- 
tion, in wiU remain greater than unity, the angles being, as before, 
connected by the equation 

m.8in0's:sin0 (17). 

In this equation, since sin can never exceed unity, m sin 

cannot exceed unity, whence sin 0' cannot exceed — , (in which 

m 
case, m . sin 0' ss 1,) or, the equation cannot be satisfied if sin 0' 

> — . The ray then ceases to be refracted ; it is wholly re- 
nt 
fleeted. 

The angle, at which, light, passing through a denser medium, 
and meeting the separating sur&ce of ttie denser and of a 
rarer medium, ceases to be refiracted, is found from the equation 

sin 0' = — . If the denser medium be glass, and the rarer, air, 
m 

sm 0' = -L = A , whence, 0'= 41° 48'. 
m 3 

(42.) The phenomena of reflexion might be derived, analytically, 
fixHn those of refitiction, by considering that the angle of reflexion 
is measured with the same perpendicular as that of refraction, or, 
is the supplement of that measured by 0', (see text, flg. 22., p. 35), 
and that the angles of incidence and reflexion are equal, but on 
opposite sides of the perpendicular ; so that, in the case of re- 
flexion, sin 8=s — sin 0', or, 111 s= — 1. 
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(43.) Pftop. IX. 7b determine the course cf a single ray, or ef a 
small pencil ef rays, refracted by a prism, {Pig. 20., p. 33, 
text) 

Let the ansle, HRM, of incidence, upon the fint rar&ce, be 
called ^ ; ITRN, the oorrespavidiiig angle of refraction, <p' ; H'RN, 
the angle of incidence on the second surface, ^ \ n'Rb\ the angle 
of emergence from the prism, i^ ; the angle, A, of the prism^ a. 
Hie an^es, RAJRf, AJIk\ and ARR, together, are equ^ td two 
riffht angles: but JLR2r=90O— /, and AFtfR^W^ — ^ 
whence, 

a -f (90 — ^0 + (90 — <//) = 180, or, 

a = ^'+ ^' (19). 

The ang^ of total depiatiam, B£ff, is eqiuU to tbe Baa of (he 
partial deviatione, ERRf and ERfR, that is, cailtng the den»> 
tion Ji 

^ == — 0' -f ^r — ^', or, 

a = ^ 4- 1^ — (^' + 1/0. or, 

a=504-T^ — a (20). 

Ttim Tdde of the denation contains the given tOk^ibB ^ end n, 
and the angle i^, which may be found by meaoe of the reli^kae of 
f, 0', %lf\ and tp, ae given by the Mowing equations : 

sin ^ sa m . sin ^' (17), 

^/''^a-^' (19), 

sin 1^ = fft . sin <//' (17'). 

(44.) If we suppose the angles very small, we have, ^rom (17), 

^ ss m^\ whence, 

*— ^'=(« — l)f. 
AkKi, from (IT), 

T^— t^ =»(«-.!) ,^', and 

* = * — *' + ^Z' — ^= («-i) (^' + ^; 

but (19) gives 

^' -I- x// =3 tf, whence, 

? = (m — l),a (21), 

a value dcgiending only upon the refractive power of the material 
of the prismt and upon its refracting angle. 

(45.) There are two other cases in which the deviation, as given 
bj equations (20), (17), (17*), and (Isl),^ assumes a somewhat 
simple form. These we shall consider, in order. 
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(46.) Pbof. X. Tojind the deviation of a ray, or of a tmdll pencU 
of rays, incident perpendicularly on one of the surfaces of a 
pTtstn* 

When the incideDce upon the first surface is perpendicular, a 
0, and ^' = 0, and equation (20) becomes, 

i = V' — a, 
and (19), 

^' = a, whence, 

sin ^'= m . sin i//' = m . sin a ; 
but fix>in the ^alue just found for i, we have, 
1^ ss a -{- ^, whence, 

sin (a -{- ^ s m . sin a (22) : 

fixim which equation, i becomes known when a and m are giTcn ; 
or, 

_ sin (a ^ ^ 
sma 

may be found by determining i and a. This is one method of 
determining the refractive power of a substance. Another method 
is furnished by the next proposition. 

(47.) Prop. XI. 3b determine Jhe deviation of a ray, ortfa small 
pencil of rays, when the angles of incidence ana emergence are 
equal. {Fig, 20., p. 32, text) 

By the oraidition of the question ^ s «/r, and since, from (17), 

^, sin J • I / sin ^h 

sm == . — Z , and sm ^' = 1 , 

m m 

sin 0' a sin ^, or, <pf s= ^'. 
Equation (19), givei, 

20'=:«,Or,0'=: -|-, 

and from (20), by making ^ = ^, 

i = 20 — a,and0== ?^±-? . 
Substituting these values for ^ and ^' in (17), it becomes 

■m X (« + ^ = •» • "^ -3- <" (23); 

an equation from which i may be determined when a and m are 
given. 

By transmitting light through a prism so that ^ = ^, we have 
a method of measuring the reactive power of the substance of 
which it is composed, l>r, 
C2 
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Bm^(a-^i)tsm,mn^a^ whence, 

^^«ni(a + i) (24) 

Sin ^ a 

The equality of the angles of incidence and emergence may he 
ascertained, by measurement, with the instrument which has been 
devised for this purpose, or by the use of the proposition which 
follows. 

(48.) Prof. XII. 7^ angles of incidence and emergence, of a ray 
pasting through a prism, are equal, when the deviation is a 



The proposition requires the deviation to be a minimmn. We 
therefore find its value^ diffbrentiate it, imd pot the differential co- 
efficient equal to zero. The value of the deviation, from equation 
(20). ^ 

j^^ + -4/'— a, 

the difibrential of which, a being constant, is, 
dd=idf ^ tfV whence, 

d^ d^ 

BqoalBon (1»), » 

a.^ ^' + >l/, 

by the difierentiation of which, we obtani 
*!l= — 1 

fVoni equatidU (17), by a similar process, we have, 
^ . sin s m . d stn ^', or, 
cos . <20 Bs m . cos 0' . ^, or, 

cos 
In like manner, we obtain, by differentiating (17'), 
dM^m.^^.dV. 

cos 'vl'- 

Dividing the second of these equations by the ^st, 

jj:=. '^^-«»^ .g:^. or. since 
d^ eos0'. cos^|/ d4* 

dV _ 

dipf ■"* ^' 
d\b _^ COS0 .cos>|/ 
d^ cos 0' . ebs -4^ 
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Substitatingr thi 
above, it becomes. 



Substitatinff this value for in the valiw of feund 



dS 008 . CO0 -4/ 

<20 008 0' . 008 "if 

This value found for the differential coefficient of ^ is to be 
made equal to zero, whence, 

COS ^ . cos -vl/ 



eos ^' . COS >1/ 



= 1 (25); 



an equation which is satisfied i£ f s= "if, or the angles of incidence 
and emergence are equaL The method of using this proposition 
is described in art 35, pp. 33, 34, of the text 

Refraction by Lenses. 

(49.) In discussing the subject of reflection bv lenses, we riiall 
eonsider the refracting sur&ces as sphericaL The pencil of inci- 
dent rays wiH be, first, assumed as inde&iiteljr small, and the thick- 
ness of the lens neglected ; next, the correction fi>r thickness will 
be introduced, and, lastly, under the title of Aberration of Lenses, 
the case of a pencil of any magnitude will be considered. Refrac- 
tion through spheres and parallel plane surfiices, will be deduced 
firom a consideration of the general case. 

(50.) Prop. XIII. 7b determine the course of an ind^nitely small 
pencil qfrays^ passing from a rarer to a denser medium, through 
a spherical surface. 




Let JS be the radiant point of a small pencil, of which EVis 
the axis, and ER the extreme ray ; the ray ER, passing into the 
denser medium, wUl be refiected towards the perpendicular, CR, 
making the angle mRM less tiian ERC, and in such a proportion 
tbat sin ERC : sin mRM : : m : 1, m representing the index of 
refiracdon of the denser medkun, that of the rarer medium being 
unity. 
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Call EV^ u, FV= u\ CV=2 r. In the l^iangle, ERC, we 
have, 

EC __ Bin EEC 

ER ~ Bin ECR ' 
and in FRC^ 

FC __ ein FRC 

Ffi *" sin FOR ' 

Dividing the first of these equations hy the second, 

EC FR sin ERC „„ , „. ^ 
_ . — = , and since 

£12 FC Bin FRC 
sin ERC = m . sin mRM = m , sin FRC, 

EC FR 

. z= m. 

ER FC 

The pencil of rays heingf very small, the point R is very near to 
F, and for ER and FR we may take their approximate values 
EV and FV, whence, EC = EV— CF= w — r, and jPC =. 
FV— CV=u'-^r. Substituting these values of EC and FC, 
and the values of ER and FR for those lines in the equation just 
found, it becomes* 

u — r tt' 

= m, or. 



= m . — ; and, dividing by r, 

U tf 

11 mm 

^ , or, by transposition, 

r u r u' 



fL — ii = HLzl (26). 

u' u r 

(51.) This fi>rmula may be adapted to all cases of a Rmall pencil 
incident upon a spherical surface, by a conventional mode of con- 
sidering the algebraic signs, of the different quantities involved in 
it. Let us, as in reflexion, consider «-, u', and r, essentially posi- 
tive when the radiant point, the focus, and centre, are, respectively, 
in front of the lens, negative in the contrary case. 

The positive sign of uf will, then, correspond to an ifnaginarf/, 
or virtual^ focus ; and the negative sign, to a real focus. This it 
is important to the student to recollect, since the reverse has been 
the case in reflexion. 

It would hardly be useful to discuss the variations of fixrmula 
(SG), by changes in the quantities concerned in it, since we must 
consider, in refraction by lenses, the action of two surfaces. 



(52.) Prop. XIV. To dUmwine the ctmrae qf a rnmU penal of rayg 
falling upon a lem; the radiant point of the pencil beifig in toe 
axis of the lens. 

Fig.B, 




Let ERf as liefixre, be the extreme ray of the peQpil, EV %he 
ftxis of &e i)enci> and of the lens, RMihe ray refracted at the first 
mirfkce, OR the radhiB of tiiat surface, ilf the point in which RM 
meets the second sur&ce, CM the radius of tiie second surfalce 
drawn to tbfi poliit Jf. Produping MH until it meets the aids, F 
is the virtual focus of rays re&acted by the fii»t surface. Since 
the refraction at M is from a denser to a rarer medium, the ray 
is refracted jQrom the perpendicular, taking^ the direction MN^ which, 
prolonged until it intersects the axis, gives F* for the virtual fi)cus 
of the pencil refracted by the lens. 

Keeping the notation of the last propcteition MVt= u, FVs= u , 
CVssTf and the equation fi)r refraction at the first surfiioe is, (26), 

^ _ JL = *" — ^ (26), 

u' u r 

The equation for the refraedon at the second surfiice may be in- 
&rred from (26),' or may be obtained directly, by proceeding in the 
triangles FMV' and F^C\ as was done, in tne last proposition, 
in ERC hnd FRC, Thus, 







_ sin 
sii 


iFMC 
iF&M' 


andf^'^ 


sin F'MC 

sinj^'irA' 


and, by 


division, 












Fa 

FM 


F'M _ 


iAnFMC 
BmF'MC 


1 

m 



Call FF, the thickness of the leoa,«) F'V,v; CV.r ; then 
FF=stt'4.«,JPC'=tt' -f « — r', and F'C'=i> — /. These 
values being substituted, in the equation just found, instead q£FM, 
F'M, &c, we have, 

»' + '-^ " = _L, whence. 
yf ^ t V — / m 
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dividing by r', and collecting the tenus, 

1 m I _ 1 — m . 

« tt'-f t "" / ' 

m being greaier than unity, the sign of the second member ia 
really negative, and as it wiU be convenient to show this, wq 
change the form of that member, and the equation becomes, 

J« _ *" = _ '" — ^ (27). 

This 18 the general equation between u', v, r', t, and fit, which, 
combined with (26)^ will determine v in terms of u, r, r', f, and m, 
all of which are given quantities. 

(53.) If the ihidmeaa of the lens is so small that it tnay he 
neglected^ equation (27) becomes, 

J- _ :L = _ fLZli . but, from (26), 
V u r 

-?L = J- -f !!LZll , whence, 
vf u r 

J 1_ m — 1 _ __ m — l ^y 

V u r r' 

i L=(m-1) (J L\ (28).' 

Since — r. represents the divergency, or convergency, of the 
tt 

incident pencil, and — that of the re&acted pencil, we deduce, 

from (28), that the difference cfihe vergeneie$ of the refracted and 
incident penciU is a constant quantity for the same lens. 

This formula applies to the different cases of the incident pencil 
and lens, as in the single surface (art. 51), if we consider the dis- 
tances of the radiant point, focus, and centre, positive when in 
front of the lens, and negative in the contrary case. The same 
remark applies to the general equations (26) and (27). 

(54.) In most of tlie cases which occur in practice, the tliick- 
ness of the lens may be neglected, and, therefore, equation (28) is 
applicable to them ; in all cases this equation determines an ap- 
proximate value of the focal distance, to which a correction for the 
thickness of the lens may be, conveniently, applied. 
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(55.) To obtain this correction for thiclgiesst expand 



u' -f i 
in equation (27), into a series, by division, 

"* = J^ - ^ + ^f X &c. 

= ^_ J!L^1- *1 ±&cA 

u' tt' Vtt' tt'2 / 

If the thickness of the lens is not very great compared witli the 

distance of the point F, the powers of — . , higher than the first, 

u 
may be neglected, and we have, 

m m na 



u' + t tt' tt'3 

Substitating this value for *" in (27), it becomes, 

or substitating fat J^ its value from (26), 
tt 

_1 1 m — 1 ml m — 1 

V u r u'^ f' 

by transposing and collecting the terms, 

in which we perceive the approximate value of Z. given by 

V 

equation (28), and a correction ■ !^ for the ihickneBs of the 

tt'2 



(56.) Prop. XV. To determine the form of a gmallpencil refracted 
by a medium^ bounded by parallel pLanta, 

For plane surfaces, r and / are infinite, whence = o, and 

r 

1 

Equation (28) becomes, 

J L = 0. or, J_=_L ....(30). 

T U V U 
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The vergency of the refracted pencil its the same with that of 
the incident pencil, whAi the plate is indefinitely thin. 
(57.) Applying the correction firom equation (29), we obtain, 

but, ftom (28), by making — = 0, 

— = — , whence, u'es ma\ 
Substituting this value of »' in that last given, fixr -i. , 

JL = IJi L\ (3i> 

V u \ tnu / 

Equation (31) contains the theory of refiracting plates of oon- 
sideraUe thickness. 

(58.) If the incident rays are flomlfeZ, _ = 0, and JL -=: c, 

u V 

or, V r= 00, or parallel rays are unchanged by the refraction (fig. 
23, p, 36, text) 

(59.) The value of — fer dherging rays, given by (31), is posi- 

V 

tive, zero^ or negative, according as we have 

1 >Al = -L,l<JL,thatis. 
mu tnu mu 

as t < ffitf, t = mu, t > mu, in which m is greater dian unity. 
For ordinary cases of relation between ti, and t, (( < fitti) — is 

positive, and therefiire the focus imaginary, or the rays still diverge 
afler refraction. As u is measured fr<»n the first surface, and v 
from the second, the effect of refraction in bringing the object 
nearer to, or removing it ftrther from the plate, is not expressed by 
the relation of v and u, but by that of o — f, and u. To ascertain 
the effect of refraction in this point of viewt we take tSe value of 
e in (31), or, 

WW** . 
V SIS t 
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this, by dividing and neglecting the powers of t above the first, 
gives 

o a tt .{ , v^hence 



.-,-» + , (i._i), 



In which since m > 1, — < 1, and 1 is subtractive, 

or, «—><<»; the point of divergence, therefore, is brought 
nearer the first surfiioe by the distance, til V 

3 11 

In a glass plate, m = ., and 1 =- = Jl. The point of 

2 ffi 3 

divergence is, therefore, brought nearer the first surface by one 
third the thickness of the plate. 

For water, m s -^ , ^pd 1 » -^ . 

o III 4 

(60.) If the incident rays etmterge, u is negative, whence 
from (31), 

— = - i-(l+-i-\ (33), 

in which — is always negative, and, tberefixre, the rays still coo* 

o 
verge. 

Prooeediilf to find the value of « •— f, as before, we have 
mu^ t 

t,-.t«-.(a4.t(l-l.)) (34,) 

from which it appears that the focus is farther from the first surface 

than the imaginary radiant point, by the distance t ll 1. 

The reverse of the result for diverging rays. 

(61.) Prop. XVL 7b determine the form of a smaU pencil of raye 
refracted by a doutie convex Una. 

We will first consider the case in which the thickness of the 
.ens may be neglected. To this, equation (28) will be adapted by 
D 
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making r, the radios of the first surface, negative, since its centre 
is turned firom incident light This gives 

i__i. = _(„_l)(i-+|) (35). 

since — represents the yergencj of the refiratted pencil, and — 
that of the inddent pencil, and — > Is iieg8tiTe»m,r,r',bei]igf 

V tf 

eonstant, fer the same lens, we infer that the dwergemy dettroyedf 
or conoergency producedy by this leiu^ is a constant quantity, 

(62.) For |wi^/ZcZ rays, — = o, and 

2. = _(m-l)(-l+-i-) (36). 

In the refracting media of which lenses are made, m > 1, and 
this value of — is negative : henoe tiie fccoa lies bdund tiie lens, 

V 

and 10 real. For the distance of the priDcqial foous w« hare by 

taking the value of v from (36), 

3 1 

If the lens is of glass, m = -^ , and — -—• «» 2, whence, 

2r/ 



eorrespondiag to the rale given in the text (page 42). 

If the glass is equally convex, r = r^, and 

2H» 

"^ "F '' 

The principal focal distance is equal to the radius of the surfaces 
of the lens. 

(63.) The principal focal distance may ^rve as a convenient 
term of comparison for the foeal distances of diverging and con- 
verging rays. Denoting it by/, we have the value of/ given by 

(37), and of -^ by (36), substitutmg in (35) -^ for its equal ; and 

transposing, wo have, 

-i^-L-4 (38). 
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(64.) Diverging rays. Equation (38) applies to this case. 
From that equation it appears that £ot the same lens, the 
▼ergencj of the refracted rays I — \ is less than the divergency 

of the incident rays / — \ by a constant quantity t— \ de- 
pending upon the index of refraction of the material of the lens, 
and upon the curvature of its surfaces. 

If t*>/C^ir. 29,^43), — <-7-» ">d _L is negative, or 

H J V 

the rays are brought to a focus. The reciprocal of the focal dis- 
tance is, from (38), 



V ""V/ tt/ 



Since -Z L<:_,_<_,or© >/, and the focus 

18 &rther ftom the lens than the principal focus. As tiie radiant 

point approaches the kns, — increases, and, of course, — , or 
tt f> 

1 , diminishes, or v increases : thut is, as the radiant point 

/ « 

approaches the lens, the focus recedes, and vice versa. 

WlH««_J{f,i.«_(^_^)=_^.»4.=. 

-— 2f. The focus is as fkr from the lens as the radiant point 

If the rays proceed from a point as far from the lens as the prin- 
cipal focus (as from O^fig* 29.)t u =/, and — = o; the re- 

V 

fracted rays are paralleL 

The radiant point being still supposed to approach the lens, we 

have u </, or — >-=• » irt^ — t^ then positive, 

u f u f V 

and the rays are no longer brought to a focus. 

(65.) Equation (35) v^iU give the value of the focal distance for 

dii>erging rays : to determine this, transpose ^. and bring the 

terms on the right<hand side of the equation to a common denomi' 
naf4>r, whence, 

1 ^ r/-tt(m — l)(r-f O J^ 

V urr' 
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^ twV 

* "■ tV— tt (OT — 1) (r + O * 

or chan^in^ the sign, to correspond to a real fi)cus, to which we 

have fixtDd tlie rays to be brought a» long as u >/, 

arr' 

• a(m — l)(r 4-0 — ft'' 

3 1 

For a glass lens, in = -— , and m — 1 = _— ; whence, 

2""^ .(40). 



tt(r + 0— Sr/ 



This value of o fives the role ^und in art 45, of the text The 
arithmetical operation there directed is changed ^r the subtraction 

2rr' 
of tt(r-|-rO from Srr', when 2fy>ti(r-fr')i or « < , i 

or tt </; the algebraic expression shows by its change of sign, in 
that case, that the focus is imaginary. 

If r sa r', or the lens is equally convex, (40) 1 
2ttr — 2ra 



f» — r 
agreemg with the rule just referred to. 
(66.) For converging rays fidling upon a double convex lens, we 

make — , in equations (35) and (38), negative, whence, 
u 

4 = -[-T+<"-'>(-f +-r)] <">■"• 

-r = -(v + f) «■ 

The sign of — being always negative, whatever be the rela- 
te 

tion of u and /, the focus is always real. Since j !L >. 

1 " •'■ 

. , the convergency of the rays is increased by refraction, 
u 

3 

Taking the value of v from (41), and making, in it, m = , 

as was done in the case of diverging rays in the last article, wo 
find for a glass lens, 
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2ttfy 



I* (r -f r') + 2r/ 
For ti glass lens equally convexy we have, 

.(44). 



V43). 



«* + »• 

These valaes for tiie fbcal distsnce gfive the rules on p. 44, of the 
text 

C67). In what precedes, we have neglected the thickness of the 
lens, and next jMXMseed to show how a correction, for the effect of 
the thickness, may be introduced, 

Prop. XVII. TV ahoio^ the me^kod 0/ appimng, to the approximate 
focal length found for a double convex lens, a correction for the 
effect of ^e tkkhMse. 

As an example, let us take the case o£ parallel rays fklling upon 
the lens. Equation (3d) is applied to this case by making r nega- 
tive, whence. 

And for parallel rays, for which — = 0, 

i.=_,._.,(i-4)-?^ <«. 

Equation (26) adapted to the case of a convex surface, gives, 

m 1 m — 1 

"t? tt r 

and for parallel rays. 



m m — 1 



, whence. 



tt' r 

J!L= C^ — ^)' 

Substituting this value of — in (46), we have, 

(m~l)^t 



1 1 im — iyt 



or. 



. (47). 



V f ffir^ 

To determine from this equation the correction U be applied to 
the focal length, «, we reduce the terms of the secccd member to 
'i common denominator, whence, 
D2 
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JL = _ 'nr' + (.m-irft ^ 
V mr'f 



mr» + (m — l)''ft 



._(-/) = . +/=___=!g_^+/ = 



mr^ + (m — l)^ft 
Dividing, and negflecdng the terms containiiig powen of t 
higher than the first, 

(»-^ (48). 

•the correction which is to be applied to the fi>cal distance obtained 
by equation (37). 

When the lens is eqaieowoex and of glass^ we find (art 62) that 
/ = — r, to which a correction, 

is to be applied. The sign of the correction is contrary to that 
of the focal distance, and the effect is therefore subtractive. The 
corrected focal length is 

(68.) The method which has just been shown gives, at last, 
only an approximate value of the focal distance, wmch, however, 
is suiEciently accurate for all cases in which the thickness does 
not bear a considerable relation to the focal distance. In the case 
of a sphere used as a lens, the thickness is too considerable to use 
the method of correction already exhibited. 

(69.) Prop. XVIII. 2b find the focal length of a sphere for 
parallel rays. 

The supposition that the rays are parallel simplifies the question, 
without deducting much &om its utility. Since — =0, equations 

(26) and (27) become, by making r negative, 
m m — 1 
V = — (49)' *^d 

V u' + t ^ (^> 

For the sphere « = 2r, r = r'j and (50) gives 
1 * »» »» — 1 , - 
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, mr 



■ 1 



, whence 



, . a n ***' 2mr — 2r — mf 
»' + 2r = 2r-j;— J = ^^ZTT— •""• 

»' + 2r = ""— f ='-^"'-f>. 
m — 1 m — 1 

Sabstitatmg this value of u' 4. 2r in (50), 

1 m(m — 1) m — 1 
c "* r (m — 2) "^ r ' °' 
Jl^ _ ifi(w-- 1) — (m-— l)(m-- 2) _ (ot--1)(w— -m-l-a ) 
e r(TO— 2) "" rCfii — 2) 

and 

1 2(m — 1) - 

V rOfi— 2)' 

^_ r(m — 2) 
2(ifi — 1)' 

The value just found is the distance of the fixnu from the second 
sorfiice ; call / the distance from the centre, then 

or, bringing to a common denominator and reducing, 

f--j^^ <^^>- 

The rule on page 40 of the text, is given by the value off just 
found. 

If the refracting sphere beof to5asAeer,m=al.lll45,and/ss — 5r 
of course FQ (fig. 26, text,) =s — 4r. If the sphere be of water 
m = 1.3358 and/=: — 2r nearly, or FQ (fig.26) == — r. For a 
sphere of glass, m = 1.5, / = — 1 Jr, and FQ =3 — Jr. For a 
sphere of zircon, m=:2, f = — r, and FQ = 0, 

(70.) Returning to the discussion of the formula for the refiracted 
pencil when the lens is indefinitely thin, we take up the case next 
in order. 

Prop. XIX. To determine Ute form of a email peneU after re 
fraction by a planO'Convex lens. 

As in other discussions, the refhictive power of the substance 
of the lens is assumed to exceed that of the medium traversed by 
the incident pencil, (h: m > 1. 

The question obviously includes two cases; in the one, tlio 
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plane side u turned towardi incident light, in the other the curved 
ade is thus directed. 

(71.) Fint: when the plane tide \b turned to ineidefU rays, 

— = , whence from (28), 

±-±^^11=1 (52). 

V u r 

From this we infer, that the dioergcney destroyed^ or convergency 
produced, by thi$ lens, is a eansUuil quantity^ as in the double 
convex lens (art 61), but the effect ia less thiin in that lens by 

— m — , the power of the first surface; it is not necessary, there- 
fore, to carry out the discussion of the properties of this lens. There 
will be no correction for thickness, fi>r parallel rays, no refi-action 
being produced by the first suriaoe. Thn is shown by the analysis, 

the term -j^ (in 29) vankhing, since fi-om (26), — ^ =: o . 

The primdpdl fbeal distance given by making — = o in (52), 
and inverting, is 



m — 1 
For a glass lens, 

/ = -2/ 
(72.) Second : when the coftvex Me is turned to inddeiA light, 
--;- =r 0, and r is negative ; from (28), 

1 1 m— 1 

— — — =» — (53). 

o u r 

The effect is, as in the first case, iodeetroy divergency in the 
incident pencil, or to j^oduce, or increase, convergency; and if we 
suppose r = r^ , that is, the same lens to be used m bi^ eases, the 
effect produced is the same. 

For the principal fecal distance^ 



/ = -. 



^-1' 

and for a glaaa lens, 

/=^2r. 

(73.) The thickness of the lens produces in this case an effisct 
on the principal fi>cal length, since the rays refiracted by the first 
surftee M oMiquely upon the second. 
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To introduce the correction into the valae of the principal fi)cal 
iistance, we recur to equations (26) and (27) ; making, in these, 

r negative, --^ ss o, and — =s o, we obtain, 

*" "*'"^ ...(54), 



W r 

I m 



(55). 



« u' ^t 
TIm TBlue of uf fiom (54), is 

, mr J 

u' ss , and 

Jii —1 

IB 

and Bubstitating fer u' 4. (the value just fi)und, 

'—j^x+i ^'^- 

The correction, therefore, shortens the approximate focal length of 
the lens by — th part of its thickness ; if the lens be of glass, 

»« — 2r + §t.or, 
t»«-.(2r-i0. 

(74.) Prop. XX. 7b determine the form of a muiU peneUf after 
refraction by a double concave lens. 

In this form the radius of the first surface is positive, that of the 
second negative. When the thickness of the lens may be neglect- 
ed, we have firom (28), 

±_i. = (»_l)(-L + |) (57), 

and where an approximate value of the thickness may be used, 
fromO^,) 

___=, („_!)(_ +_)__ (58). 

m which u' is determined from equation (26), or 
" =J.+^zd (59). 
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(75.) When the incident rajs are pardOd, {Bg. 31, p. 44, text,) 
{Si) gireB 



4 = <— '(t + t) 



or calling / the principal ftcal distoiiee, and detennining it from 
the equation just given, 

/=o;r^-(TTo ^«*^- 

This Talue heing positive, the focus is imaginafj, md at a distance 
expressed by the product of the radii divided by the index of 
refraction, less one, into the snm of the radiL The rule cor- 
responds to that for a double convex lens; in fiict, equations (60) 
and (37), differ only in their sign. 

(76.) Diverging rays. In this case — is positive, and, there- 

£«re, as long as m > 1, the value of v, from equation (57), will 
always be positive and the focus imaginary ; since 

T = 4 + (— i>(T+-r) ^'"^ 

it appears that — i>» — , or the divergency of the rays is increas- 
ed by the refraction, (fig. 33, text) 
In a ^2a«s lens, 

Sitr/ 



2r,^ + «(r-f O' 
whence the rule on page 45 of the text 

(77.) When the raya converge, — is negative, and (57) becomes 

-L = _l.+(„_l)(± + ^) (61). 

The pencil still converges, is rendered parallel, or diverges, ac- 
cording to the relation between — and (m — 1) ( f- ~\ or 

Its equal -— . If — ^ -— or u > /, — is positive, and the 
/ V / t> 

rays still converge; if — = -jr , or a =/, — = o, and the 
** y V 
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refracted rays are parallel | if — > -^, or u </, — is nega- 

u J V 

tive, and the rays are Inrought to a &cus. This real fociM is aafiur 
behind the lens, as the virtual focus of parallel r&ys is in front of 

it.if « = ^.or-i- =^;fcrtheii-i. + -1 = - A 

and V B — /: the distance exceeds that jnst named if u > -^ 

when we shall have — < -r- and J — 7- < 7- « or 

tt / tt / / 

— < — -T- and v> — / : the reverse will of coarse be true if 
» / 

If; as was first supposed, u > / or — <-^though the rays 

tt / 
still converge after refiraction, they converge less than before it, for 
1.11 

We shall not introduoe the correction for thickness, as it would 
be determined by the same method with that for the double convex 
lens. Practically the thickness of double concave lenses is of httle 
importance, sinoe it is least at the central parts. 

(78.) Prop. XXI. To determine the form of a emaU pencU ofraya^ 
after refraction b^ a pUnuheoneace km, 

first When the concave side is turned to incident rays, J. a 

9, and r is positive ; equation (28) gives 

J-_i.= 0»^ (68). 

V u r ^ ' 

The divergency produced by this lens is, therefiire, len than 

that produced by a double concave lens, by \!LlZ-J , the e^ect of 

the second surface. 
Second. When the plane side is towards incident light Then 

— = 0, and r' is negative, whence, 
r 

L^L = ^7^> (63), 

t> tt r 

agreeing with the expression found above, if the lens is the same 
in each case, or r = /. 

(79.) The next form to be considered is the meniscus. 
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Prop. XXII. 7b determine the form of a smaUpetwU if light after 
refraction by a meniecus. 

When the convex side of the meniscus is turned towards inci- 
dent lififht, the sigmi of both r and r' are negrative. The general 
formiila (28) gives 

_L_i. = _<._„(J__J,)....(«. 

in whicfaf by the nature of this leni^ r' > r, or -— - <2 — 

From this relation of — - and . L it follows, that . 

r r r r 

is a positive quantity, and therefi)re the sign of the right hand side 
of this equation is negative. 7'he equation corresponds to that for 
the double convex lens (35), but the divergency destroyed by the me 

nisctts is (m — 1) I —A , while that by the double convex 

lens was (m — 1) / — -f _L\ . HCe power cf the menioeuM 
is the d^erenee between the powere ef it$ two ourfaees, 

(80.) When the concavity of the meniscus is turned to incident 
light, r and / are positive, and r > r', or — ^ . 

Equation (28) applies directly to this case, and 

-i-f=-'— >(v-v) «• 

Since — <^ — , is a positive quantity, hence Jl 

r f^ f' r V 

.. — is negative. Equations (65) and (64) are identical, uie 
tt 

surface which first received the incident rays in the case of (64), 
being now the second sur&ce. 

(81.) For the focus of parallel rays, we have, from (64), 

/=--r-^. -j^^ (66). 

m — 1 r — r 

(82.) The formulas just found for the meniscus apply to the eon^ 
cavo-eowoex lens, recculeoting that when the convexity is turned to 
mcident light r > r', and the reverse, r > r, when the concavity 
is thus turned. 
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Far the fint of these eases we have (64), 

^ i.= -(m^l)(i~-^\ (64). 

© u \ r r / 

which, since — < _. , will be more expressive if written 

4-'4- = *-«(v-f) <^' 

The second member of this equation is positive, and by referring 
to the case of the double concave lens (art 74), we shall find tiiat 
the convergency destroyed by the concavo-convez lens is the d^er* 
tnce of the effects of its tvso surfaces^ while in the double concave 
lens it was the sum of the same effects. 

It is obvious that turning' the concave side of this lens to inci- 
dent light does not alter the e£foct of the lens, as was shown in the 
case of the meniscns. 

The virtual fecal length of the concavo-eonvex lens fer fanMd 
rays, when the convex side of the lens is turned to the mcident 
pencil, is 

/=_V ._!::,. ..(68). 

m — 1 r — r 

(83). For two spkenad surfaees of the same cunaturs^ we hvn 
rsar^t and (38) gives 

Id ^ u 
The eAect is that of a jdane glass. 
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CHAP. IV. 

FORMATION OF IMA0K8 BY REFRACnOlr. 

(84) The sabject of the ftrmation of images by lenges becomes 
simple, by introducing' the oonsiderafiba of the ray which passes 
through file two surfaces of the lens, at points where the tangents 
are parallel. 

TtLOf, XXni. AU Me rays whtdi suffer no deviation by nfrattwn^ 
by a lerio^ fan thnmgh a single point, 

J^.F. 




In the figure, let RL be a ray, refracted by the first surface of 
the lens MN into LL\ and fmally emerging in the direction L'R, 
parallel to RL. Produce LL* until it intersects the axis of the lens 
in O. Since, by hypothesis, the tangents at the points L and L' 
are parallel, the radii CL and CL' are also par&Uel, and the tri- 
angles COL and COV are similar. Whence, 



CrO : CO i: CV : CL, or, 
CL' 
CL 



aO^CO.^.md 



CC^CO-^CO^CO. (^ — l\ . 

CallinfiT CL = r, CL' s= r', the thickness of the lens s= t, and 
CO ss tt , we have 

aCmzCV^CV^ar-^ Fr—CF=/ — « — r, and 
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r' — r — t = u'.^-^— l\,or, 

ti'=s (f^— r— «) . (-rzr;) ' "^ 

n'B.r — t.-JL- (69). 

r^ — r 

This Taloe of CO k made up of qvaiititiQS, oonstuit for the 
Mine lens ; fkam which we infer, that tm the rays v>kieh experience 
no dtmatign in poMging through a icfw, wmld, ^produced after the 
firet rejraetixm^ meek ut a n't^Ze pptfit tn ike am (/ tA^ 2«fi«. 

This point is called the centre of the lens. 

(85.) The dietance of the centre of a lens from the vertex of the 
firet surface is found, readily, from equation (69) ; for, since VO =a 
CV — CO =sr — u\ we haya, by taking the value of u' from 
(69) and calling r — u', x. 



, (70). 



r' — r 

The distance from the centre of a lens to the rertez of its first 
sur&ce, is equal ki the thickness of the lens, multiplied by the ra- 
dius of that surface, and divided by the d^erence of the radii of 
the two surfaces. 

In the double oonvez leas, r is negative and r^ |xMitive, whence, 

x^ !L-. 

r' + r 
The sign of (z) VO shows that, in this case, it lies on the rights 
hand side of the vertex. Sinco --1 — is a fraction, « < t, the 

centrt is therefore between the two s urfk ces . 
In the equiconvez lens / =s r, and 

t 

• = -T- 

The centre is midway between the vertices. It is from this dr 
cnmstanoe that the point, which we have defined, derives its name. 
The same remarks apply- to- the donUe concave lens, since for that 
lens r is positive and r^ negative, whence, 

the same ezfiression which we have above. 

(86.) To use the position of the centre of the lens, in de- 
terminiifg the image formed by an objeet, we observe, that am 
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nj of the pencil, which proceeds from eyery point of the 
object to the bns, paaMs through this centre. This ray is called 
the principal ray or axis of the pencil, and when the lens is thin 
may be regarded as msfEdnag no refraction. It does not &U per. 
pendicolarly, nor nearly so, apon the sorikce which it meets, and, 
therefi>re, in strictness, the refraction of an obliqae pencil should 
be investigated and applied to this case. Appraziniate results may, 
however, be obtained, bj taking the fiscal distance already deter- 
mined fi>r a direct pened ; this distance being found, fix* the pencil 
proceeding from eacli point of the object, we hove a series of points, 
the assemUage of which constitutes the image. An applica t ion 
of this method is given in the fiiUowing proposition. 

(97.) Pkor. 2ULXV. Tke objeet, of whieh the image by a convex lens 
u rehired, is a plane perpendkular to the axis (fthe leno, 

FIg.Q. 




Let AB represent a seotion of the object, JOf that of a doahb 
ooQvez lens, PC a line drawn from any point in the object through 
the centre, C, of the lens; this line may be regarded as the axis 
of a pencil of rays prooeeding from P, and may, fiulher, be con. 
sidered to iosSBbt no refraction. Gall a the distance DC; », PC ; 
and the angle DCP: we have from the triangle DCP^ 

a ss tt . COB 9, whence 

1 



cosg 

M "" a 
but from eqnatiaii (38)» article 63, 

J 1 1_ 

« "~ tf / *' 

««tatit«ti»,fe±to«hiej™tfc«wJ. 

1 ooiS J^ 
V a f 

The pdar «qu>tiDii of c eaate ttetim nfened tothe ftcnk 



■m. 



= =^-4 en). 
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From this equjition, inferences mi^t be drawn similar to those, 
ibond in the chapter on the formatnn of images bj'imrren. 

(8d.) When the chjed subtends a stnaU angle^ we may consider 
ita B^etioQ as a circular arc ; the ima^re will be, also, a circular arc, 
since if u is constant (38), v will be so ; and the arcs will, evidently, 
be similar. If the distance of the object and image, respectively, 
from the centre of the lens, be called a and v, their magnitudes 
d and d\ we shall have 

4 = ^... ..(72); 

9 being assumed very small, equation (71) gives, making cos 9 a 1, 

1 /—a 

— = ^— ^— ,or 

V z=s. — : 

/— « 
this value of v subfltituted in (72), gives 

T=jL ^)- 

As long tMa>-f^f — a is negative, and the image is reaL To 
show the results of this case more clearly, put equation (73) under 
the fivm 

± f_ 

If a > 2f , fl —/'> f and -j- is afraction, or the image is less 
than the object 
When a = 2f ^ — s 1, the image is equal to the object 

For a < 2/, a — /</• and the image is larger than the 
object 

The object still approaching the lens when a = /, -j- =: ao , 

and no image is formed. 
Next, \£a <,f^ equation (73) gives for 

JL - f 

d "" / — a' 

a positive vdue, and the image is now a virtual one, on the same 
side of the lens with the object It is greater than the object until 
/ _ a = /, or a = 0, that is, until the object touches the lens. 

Since the rays cross at the centre of the lens, it is evident 
that when the object and image are on the same side of the lens, 
or the image is virtual, the latter is erect ; when on difSsrent sides* 
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it is iDTerted. Tbe ti|pi of •«- , tbere&re, detennines whether the 

image will be erect or inTerted with respect to the object, the poei- 
tire ugn correspondiiig^ to an erect image, the negative to an 
inverted one. 

(69.) For the daMt concave Un$ firom (57), article 76, 

Whence we derive, bj following the same pf ocess as for the con 
vtxlens, 

1 cos9 . 1 . 

V "=• "7" + -T • "*^ 

V a J 



d f+u' 

an ezpresnon wiiieh is always positive, and a fraction : hence the 
image formed bj a concave lens is on the same side of the lens 
with the object, erect, and less than the object 

We have spoken only of sections of the object, image, and lens ; 
the remarks made in the chapter on the formation S images by 
mirrors, (Chap. 11^ art 37,) apply equally to this case. 

(90.) Having fonnd an expression for the ratio of the linear 
magnitudes of an object and its image formed by a double convex 
lens, if we would view this image at the distance of distinct vision, 
(pp. 48 and 49, text,) the apparent magnitude will be increased, 
in the ratio of the distance of the object from the eye, to the limit 
of distinct yision. Let i' express the former distance, 6 the latter, 
the magniQring power of a convex lens used as above deseribed, 
will be expresMd by 

where / is the focal length, and a the distance of the object firmn 
the lens. 
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CHAP. V. 

SPHERICAL ABERRATION OF MIRRORS AND LENSES. 

(91.) In the text, pages 57 and 58, the fact is stated that the rays 
wl^ch fall upon a spherical mirror, at a distance from the axis, 
are not converged to the same point, with those nearer to the axis. 
This is illustrated in the annexed figrure, in which LM, LM are the 
extreme rays of a pencil diverging from L, and F' is the point on 
the axis at which the reflected rays MF\ MF' meet; IM\ LM' 
are two rays meeting the mirror near to its vertex i>, the fecus of 
the reflected rays M'F and M'F being at F. 



FP is the aberration in length, or longitudinal aberration^ of 
the reflected pencil, and if from F a perpendicular to the axis be 
drawn meeting the reflected ray MF' in /, FI will be half the 
aberration in breadth, or lateral aberratum of the same pencil. 

(93.) Prop< XXy. 7b determine the aberration ef a peneU of rays 
reflected by a 9phericdL mirror. 

FjKBrv : To find the amount of the longitudinal aberration. 

With the centre L and radius LM describe an arc cutting the 
axis of the mirror in E. According to the usual notation LD =s u, 
CD = r ; to distinguish between DF' and DF, call DF' = »' 
and DF = t», and let MN = y, the semi-breadth of the portion of 
the mirror occupied by the pencil. 

The relation of the segments CF and XC to the sides FM and 
LM in the triangle LMP, gives (as in Prop. I.), 

FC _ LC 

rM" LM 
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Bat LM=LE=LD'^ED, and ED=ND-^NE, or, 
since ND is the versed sine of the arc MD to the radius CD^ 

for the same reason NE = -—- , or, using for LM its approzi- 

mate value £2>, 

j^^ =s J— , whence, 
2tt 



2 \ r u / 

«=-■ f(f-4-)- 
-="[-i^(i-4^)]- 

Taking the reciprocal of this value of LEj and neglecting the 
terms containing the powers of the sine, jf, divided by the diameter 

2tt, after Jl_ we have, 
2tt 

JLAf X£ a L ^ 3u V r w /J 

By a similar mode of proceeding, using the versed sines NH 
and ND, instead of ND and NE, we should obtain 

FJIf "" FH "" V L 3t/ V V r /J 

But FC as r — v', and LC ^=u — r ; and substituting the 
values of F'C, FM, LC and LM in the ratio found in the be- 
ginning of this article, 

'-'[-£-(^-4-)]= 






[' + ^(-r-v)] 



tf 

Dividing by r and performing the multiplications by the qnantU 
ties outside of the vinculum, in each member of the equation just 
found, 

J L_j:iV± -L\''- 

==i~JL+|l(i-«^y (75). 
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We have thus a general relation between xf and u m terms of 
the radius and semi-aperture of the mirror. 

(93.) If in (75) we use for J^ L , in the multiplier of iL, 

its approximate value, derived from equation (1), art (7), namely 

J L=: 1 L,we obtain 

V r r u 



1/ r 2i/ V r u) 

= ±^JL+ ll(i„.i-V.ar. 
r tt^SuVr «/ 

ftrther, by nsiag for i— + —\ the value given by (1), 

©a r * 

and substituting this in the equation last Ifound, 

i,-L=±__L+j!(J-_I-y.ar. 
r r r u r \r u ) 

» =±_i-+^(_L_2-y (76). 

In this equation, which gives the value of ---. , corresponding 

xf 

to apomt of incidenoe distant from the vertex, we find the recip- 
rocal of the approximate £>cal length, obtained when the rays were 

supposed to meet the mirror near the vertex, namely, 

T 

— , and a correction for aberration. This correction contains 
« 

y , a quantity proportional to the versed sine of the semi-aigle 

of the pencil, and therefere depending upon this angle, or the semi 
aperture of the mirror ; and also r, and u, the radius of the mirroi 
and distance of the radiant point If these latter quantities ar« 
constant, the aberration is a fhnction of the seml^perture of ths 
mirror. The ocvrection for aberration is additive, showing that 
the reciprocal of the focal length, for rays distant fh>m the vertex 
is greater than the reciprocal focal length of those near the vertex 
or that the point "F is nearer to the mirror than F. 
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(94) For paraUd rays — == o, and &om equation (76), 
tt 



perfonxung the diTudon, and neglecting the powers of y higher ' 
than the second, 

•' = T-* (''> 

The correction /or aberration is, there&re, — -y- » or — ^^oris 
" ' 4r of 

tubtractive, and equal to the equate ef the semi-aperture ef tke 
mirror divided by eight times the principal focal length, 

(95.) Sbodnd: To find the loteroZ aberration of the extreme ray. 

The value o£FI, which measures the lateral aberration of the 
extreme ray, may be obtained as fellows. In the similar triangles 
F'FI Old rUN, 

EL z= ^^ , and FI=z FF . ^^ . 

FF FN FN. 

JITV 
To approximate to the ratio -=-^* P'D may be 6iken instead of 

F'Nf and the value of the aberrmtion u 

W«=Fi"-^ '^^ 

in which all the terms are known when FF has beeii determined. 

(96.) We propose in this article to determine the position and 
magnitude of the physical focus of a mirror, or of the circle which 
includes all the rays of a reflected pencil, when they are spread 
over the least space. 

Prop. XXVI. To determine the position and magnitude of the cir- 
c^ qf least aberration^ in a pencil of rays reflected by a concave 
mirror. 

In the figure let JLJtf be the extreme ray of a pencil, incident 
upon the mirror, MF' the corresponding rebooted ray, F the fi>cus 
of rays very near the vertex. Farther, let LP be any incident 
ray, in the lower portion of the pendl ; PR the corresponding re- 
flected ray intersecting MF' produced in e : draw eb perpendicular 
to the axis, from the pobt c. If we suppose the arc DP very small, 
the reflected ray PR will coincide very nearly with the axis, and 
the distance cb will be indefinitely-small; as the arc DP inoreasesi 
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the reflected rays being removed &Tther from the axis, eh, at first, 
increases ; it aflerwtirSi diminishes as the point of intersection of 
PR with the axis approaches to "F', and when DP = DM, PR 
coincides with PF\ and cb vanishes. Between the case, then, in 
which DP ia very small and DP a^ DM^ there is a position of 
the incident ray LP, for which the reflected ray PR gives a maxi- 
mivfti Tslm fiv eb Whea ci is a raudimuD, all the rayn of the 

Fig. I. 




reflected pencil pass through the circle of which that line is tiie 
radius, which is, thus, the physical focus of the mirror. The 
question resolves itself into determining the values of Pb and cb 
when the latter is a maximum. 

Call MN, p; PT,^; DF, v ; DF', v' ; FF\ the longitudinal 
aberration, si ; F'b = x; be=s x. Since (art 93) the aherration 
of a ray is proportional to the square of the distance of its point 
of incidence, from the axis of the mirror, 

FR :FF':: P'H : MIP : : ^^ : y3 , or 

JFIF'— FR : FF': : y3 — Jf'a : y« , whence 

F^R^a.y^^, 

But from the similar triangles F'bc and F*iW, 
hcibF::MNiF'N,oT 

bc = ir.^. 

FN 
And from the similar triangles Rbc and RTF ' 
RbibeiiRTi TP, or 

Rb^hc.^; 
TP 

substituting for he in this expression the value found above, 
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ia = ^F.a^.^^ 



*mnd by the notation, 

If we approximate, by oonsidering RT and l^iV to be eqoaU 
22&s«.X,and 

Equating this value of FR with the one befiire found, 
X . ^ \' = « . ^ — r^^ , whence 
y y« — ya 

y* y + t/ 

"="p-(y-sO (79). 

As we have supposed the ray LM to remain fixed, and LP to take 
difierent positions, and have found, 

. = 6C = 5P.. — . 

he (or x) will be a maximum when hP' (or j;) is a maximum ; but 
from (79), » is a maximum, since a and y are constant, when 
y (y — sO >> &• maximum, or when 

y(y — S0 = y'^or 

In that case, firom (79), 

'= V"=-T ^^^"^^ 

If a perpendicular, FI, be drawn from the Ibcus F, of rays in- 
cident near the vertex, to the axis, meeting the extreme ray AEP 
m i; by article (95), 

MN _ FI 

F'N FF'' 

n WAT 

whence the value of z, or _-. . , becomes 

4 F'N 

« = -5^ (81). 

4 . ^« . ♦- 
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From these valoes, (80) and (81), of x and x^ it appears, that the 
distance of the drele of least abarationj frotn the focus of rays 
near the vertex^ is three fourths of the longitudinal aberration of the 
extreme ray, and that the radius of the same circle is one fourth 
of the lateral aberration of the extreme ray. 

Spherical Aberration of Lenses. 

(97.) In this inTestigation iff e begin by determining the aberra- 
tion produced by a single surface. We shall assume the light to 
pass from a rarer into a denser medium, as when it enters a lens 
through its first mahice, 

Psop. XXVlI. To determine ihs aberration produced by a single 
refracting swface. 




Let the ray RL fiJl upon the spherical surface £ V at any point 
Ly and be rdfraoted into the direction LM. Continue LM until it 
intersects the ajis. of the surface, at F. Draw the radius CL. 
Call m the ratio of the sine of incidence to that of refraction, in 
the passage of the ray from the rarer to the denser medium, the 
sine of refractioa being unity ; then, by proceeding as in article 
(50), Chap. UI^ we find 

itt/ ^ MrVf 

r= m . ■ .. • 

RL FL 

From the centres R and F with the radii RL and FL, respec- 
tively, describe the arcs X«S and X 7 cutting the axis in S and T\ 
SV will be the difference between JRF and i2Ir, and TV that 
between FV and FL If the perpendicular LN be let fall, from 
i, upon the axis RV^SVz^ NV — NS, and TV = NV— NT. 
As in the notaaon of Chap. III., let UF = «, FV = «', CF r* r ; 
and call LN, y. NS is the versed sine of the arc i^iS; NT of LT, 
and NVof LV\ and if fi>r the chord of each of those arcs we 
substitute, as an approximate value, the sine, we have 
F 
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- = !&• 

or sabfftitating for RL and FL, the approximale yaluea A Fond 
FV, 

AS=4L. NT = ^, iVF=:-|L. whence, 

SVz=NV^NS= yL(l i-Va»d 

2 \r uf 

TV=z NV^NTz=JL(1 1_\. 

2 V r tt'/ 

From these values of SV and TF we obtain, 

RL = J2F«--SrF=: tt — J^^i LV and 

FL = FF_ rF= tt' y— /_L _ i_\ . 

2 Vr «'/ 

Taking the reciprocals of RL and FL^ that is dividing unity by 
the values just found for those lines, and neglecting the terms which 
involve the quotients of the powers of y* by those of «, after the 

first term, / ^ j , we have 

RL u I ^ u \r u f 2 j' 

FL tfc' L tt' Vr u/ 2 \ 

From the figure we have RC = RV — CV=s u — r, and 
PC = FV—- CV= u'-^r, and the equation for the relation of 
RC. RL, FC and FL, becomes 

s~ L ■*" ~ V"? v) vj ~ 

u' L tt' V r ttV 2 J 

Performing the divisions by u and u\ indicated by the terms oi 
the equation, and dividing both sides of the equation by r, 

(f-v)r'+4(-j-4)fl= 
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perfbnnlng the multiplicationfi required bj the expressions, 

i _L+J_/J LVll^ 

r ttuVr u/2 

= « (± _i,\ + 4 fJ__i,yi^. whence 

^=-L+(m-l)2. + ^ 

[7(-7--v)'-4(4--4-n <^ 

In this value of .^ , the first two terms correspond to the 
It 

value fiKind, (26) art 50, on the supposition that the pencil is 
small, and the thfrd contains the correction for the aberration, pro- 
duced by the single spherical surface. 

(98.) The expression just found, may be simplified by substi. 
tuting in the terms of the second member fi>r u\ its approximate 
value firom equation (26), art 50. From that equation 

-^ = -L + (m — 1) JL , whence, 

uf u r 

~= ^(i- + (m-l)-L\,and 
u' m \ u r / 

± _ J, = J_ _ J_ /J_ + (m_l) ±\ . er. 
r u' r m \ u r / 

i__4=JL(i__±\..nd 
r u m \ r u / 

\r tt'/ m»\r u) 

In order to reduce, with greater convenience, the coefficient of 

i^ in (82) to its simplest form, caU that coefficient ^ then sub- 

stituting in it the approximate values of JUL. and ( , \^ 

u' \r uV 

just obtained, we have, 

*=(i-+(«-i)J_).2-(i._i.)" 

_l.(l._i.)".er. 
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'=(l-^)'te(v+<»-'4)-Tl' 

'-(' M'C "■*■') "~' 

whence (82) becomes 

u' ~ IT "^ r ■*■ m2 

■(f-=^)<f-r)"4->^ 

(99.) When the «ttrfiM4 is ednve:;^ f is necrative^ sad (8)) takes 
the form, 

ffi 1 itt — 1 m — 1 

And for ocmeiftng ray/i, u beingr negrative, 

m 1 m — 1 m — 1 

The term in (85) which contains the correction for ahernUion, will 
vanish if eidher of the factors composing it should be equal to zero. 
First, let ' 

i- -:!L±1=: 0. then2!L±I = 1, or. 
r u u r 

1 : r :: w -f 1 : «, 

rhere is, therefore, no.abeira^n fiir etwveri^g rays^ falling 
upon a convex spherical surface, when the distance of the radiant 
point is a fi>urth proportional to 1, r, and m 4. 1. F^m whence 
the result on page 56, of the text, is easily deduced. 

Kext, let 

= 0, and tt =5 r, 

r u , 

or the incident rays converge to the oentTie of the spherical surfiice. 

(100.) In art. 42, it was remarked that making m = — 1 in 
the formulsB for refraction, t)ie cases would represent the cor- 
responding ones in reflexion. Making m = — 1 in (83) we have. 
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a result which agprees with equation (76), art 93. 

(101.) Prop. XXVIII. To determine the aberration in a pencil of 
raya^ after refraction by a spherical lens. 

Fig.h. 




"^' 



R being the radiant point of a pencil of raya falling upon the 
lens LVVL'^ let RL be the extreme ray of the pencil, and R the 
virtual focus of the extreme rays, after refraction by the first sur- 
face of the lens. If now we suppose a pencil to proceed from R\ 
considered as in the denser medium, tlie extreme ray of this pencil, 
RL\ will be refracted into the direction, L'M^ which, if continued 
backward to F, will give the virtual focus of the extreme rays. 

As before, represent RVhj UyB!Vhv «', and CL by r ; farther, 
let JR'F= i/, FV'^ t>, CL'^t", and FV = U 
By the preceding proposition (equation 83,) we have 
1 , m — 1 , m — 1 



5-=^ + 



+ 



■{|--±i)-(|-T)'* 



. (83). 



The case of the second surface will correspond to that of the 
first, if we consider F the radiant point, and R the virtual focus ; 
» must be written in (83), for «, v' for «', and / for r ; we then 
obtain 

m 1 , m — 1 , m — 1 

{f-^-)(7-f)'-f- 

P2 
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1 _^ m m — 1 m — 1 
"S V ? m5" 

■(v-=l^)(-f-4-)"* •■<»" 

bat v'a tt' 4- 1, whebce J^ = — ?! — • perfijrminff the divunon 
^ f/ tt' 4- 1 *^ 

tnd neglecting the powers of t above the first, 
m m tnt 

We may fiurther approximate to this valoe of — -. , by snbsti- 

V 

tuting for -— , in the second member of the equation, its ap- 
proximate valne^ firom (26), art 50, namely, 

v' u' m \ u r / 

in which the valne of ^ , fiom'(83), being written. 

By substituting for J!L , in equation (86), its value just found, 
we have 

•(^-|)']-|= '«>■ 

We see, in this formula, first, the two terms which denote the 
reciprocal of the focal distance of an indefinitely small pencil ; 
second, the correction for thiduiess; and, in the last term, the 
correction for aberration. 

(102.) The general formula, (87), becomes less complex^ and 
gives results of considerable practical irapcN^ance, wh€n applied to 
the case of parallel rays. 
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Prop. XXIX. The incident raya heing paraUdt to determine the 
aberration of ike pencil after refractton by ^ ephericUl lens. 

In this casQ, — = o, and X87) becomes, 

A-(7-'4^)(v-i)"K--« 

The correction for thickness, contained in the second term, has 
ahreadj been sepaiatdj ooiBsidered, articles 55, 67, &c. ; we may 
therefore leave it out of the .question here, making in (88) f = o. 
Farther, to approximate to tiie tbIu^ of o, we may substitiite fbr 

— in the secoiid memb^ of the samA equation, the approximate 

V 

value -L_ , or (ill — 1) ( j , obtained by making -L 

/ \ r r / u 

<= in (28), art 53« 

We have, then, from (88), 

1 _ 1 , m-^i r 1 /J m4-l \ 

T'~7'"*"maLr3 Vf' ~f^/ 

or^ taking the value of v, dividing by the denominator thus fbuad, 
and neglecting the powers of/ higher than the second, 

therefore, is represent! 

■{-r-fn-^' "^ 

(103.) To apply the formula just obtained, to a dotibU conoex 
tens, r and / (art 62,) must be made negative, whence 



Che aberration in length, therefore, is represented by 



a = -1 



(^+f)-].iVl,„. 
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fll' 



i[^M7 + ^) 



ma 

•(4^+fn-¥ <* 

This TBlne of the aberration having the podtive sign, while the 
approximate fecal length has the negative sign, its effect on the 
fiical length, for rays not near the vertex, is subtractive ; showing 
that the focus of such rays is nearer the lens, than the focus of 
rays incident near the vertex. 

Q 

(104.) For oxtequi-eonvex, glass lens, r =ir\tn= , and/ 

B r, disregarding the sign, since / has already been made nega- 
tive in (90) ; and from (90), 

3 ' r * 

If we suppose the beam of light to occupy the whole aperture 
«f the lens, y becomes the semi-breadth, and y^ = — » 2t 

nearly, or y' = rf, and t s ^; writing t for JL. in the value 

r r 

of a, just found, 

« = IK. 
the result stated in paragraph 3, page 53, of the text 

(105.) If m = ^ , and r : f' :: 2 : 5, or r' = —r, we have 
from (36), 

Substituting these values of m, r', and / in (90), recollecting 
that / has been already made negative in that equation, and that 
now its value is to be placed there without regard to the sign, it 
gives, 

9 Lr3 ^ Vsr ^ 2 lOr/ 
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«-_L.lL. 
« / 

This is the case of im uneqnaHy oonvez lens, in which the more 
conyez side is turned to inqident light 

(106.) In the pUmo-cowoex lens, if the plane sidd be turned 

towards parallel ravs, ^ = o, and / =s Sr^ ; if the material be 
r 

Q 

glass, m = _ , and from (90) we obtsLin 

The xesQlt g^ven in paragraph 1, page 53, of the teatt. 

In the some len% with the convex side tamed to parallel rays, 
-i- = 0, and /= 2r, whence from (90), r and / having already 
been made negative, 

a«i.i7-yi =1.17.*. 

Hie result stated in^xiragraph 2, page 53, of the text 

(107.) Prop. XXX. 7b determine ike ratio of Vie radii of Vie sttr- 
faeee of a double convex lene^ which ahaU produce the (east aber 
ration, wi^ a ginen focal length and aperture. 

To solve this question we must determine the ratio of r and r', 
when a is a minLnum, / and y being constant 

Bifierentiating the value of a given in (90), considering r and 
f' as variable, and disre^farding the constant multipliers, we obtain, 
after changing all the signs. 
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But from eqnatiaa (36), art 62, we have 

— + —- = . -— , whence, by diffeientiatingv 

T T m — 1 / 

■i . -4- . I ■■ = 0, or, 

Safartitiitiiig in (91) this value of — . , and dividing by dr 
dr ^ ri \r' ^ f / 

which, by the question, is equal to zero. Multijdying by r' we 
obtain 

-(^+f)'= <* 

From equation (36), disregarding the sign of/, 

r "" m — l' / f' ' 

Substituting this value in (92), and arranging the terms 

^ 6 3 2 2(m + 2) 

r'a im-l)// "*" (m — l)2/a r'* fi' '^ 



CHAP. V. SPHERICAL ABEREATIOIT. 71 

and by transposition and multiplication, 

If the lens is of g^lass, or m = _ , 

* 21 6 , 21 

but &om (36) 

i-= ±— L= i-_ A. J- = ii. Jl.««i 

r / r- / 21 / 7 / * 

Comparing together the values obtained &r r and r', 

r : / ! : 1 : 6. 
This lens is known to opticians as the crossed lens. With the 

more oonyez side turned to parallel rays the aberration is — . ^ 

which is less than that for the plano-convex lens with the convex 
side turned to parallel rays. 

(108.) It would carry us beyond the limits of this Appendix, to 
go into the investigation of the aberration of combined lenses. 

Before leaving this subject we purpose to show a method by 
which the surfiioes which refract rays accurately to a point, may 
be determined. 

Prop. XXXI. 7b determine the curvature of the surface of a me- 
dium^ 80 that rays pasting into it, frotn a rarer medium, may be 
refracted to a point. 

Fig, M. 




As we have found a concave surface to give oply a virtual focus, 
we proceed, at once, to examine the case in which the surface of 
the denser medium is convex. Let R be the radiant point, RL o 
ray meeting the surface at L and refracted to F : let If' be a point 
farther from the vertex V than Xr, RL being the incident and 
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VT tfao refracted ray for this poiot Draw the perpendiculars 
LK and US upon Ihe incident and refracted rays RjU and h'T^ 
respectively. ht£ will be nearly equal to the increment of the 
incident ray, and l& to the decrement of the refracted ray, in 
passing from the point h to V. Call ifXr, «', and LF^ — «'. Then 
if Zi' be supposed rery near to L^ LR = du\ and LS = dv\ 

In the triangle ULR*, ' -. j= cos. RLU =. sin. incideace, 

and in L'LS, J^ = I = li ; 

US COS. SLL' sin. refraction 

whence, 

LRf sin. incidence 
=: ____ , or, 

US sin. refracticm 

du' 
= m, or, 

du'^mdv' z=z.o (94), 

the diflferential equation of the cunre which, by a revolution about 
the axis JRF, will produce the surface required. To integrate, ^t 
iir = It, and FF == — t), the complete integral of (94) will be 

ir'— » = jji (i/— ») (95). 

(109.) If the incident rays be parallel, u' — u= VM, Jig. N. 
Fig. N. 



If we put V3f =3 A — «, (95) becomes 

A — X == m (tj' — »), whence, 



m 

t> = t>' — A+^ (96). 

m m 

The equation for the distance of any point in an ellipse from 
the farther focus is, (Young's Analyt. Geom. art. 47, p. 72), 

V = A J^ ex, 
in which e < 1 ; with this (96) agrees in form, and will be identical if 

^ r= e = -1 , and »'_ JL = ii. 
m A m 
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Sobidtatin^ ftr m in the aeo«ad of these eqioatioMy Us value 
ftom thefirst» 

e' — 6 SB ^, or i/ ss J! 4. c. 

We find, then, that an eUip$oid of whick the 8emi4ran9ter8e 
axU M to the excewtricity as the index of refraUion ia to unity 

i-^-* 39 M) ttiA refraet paraUd raye^ accurately^ to the farther 

foeue. 

If a lens be formed, of which the first surface is a portion of 
the ellipsoid jost determined, the second surface should be (art 99.) 
a portion of a sphere, having the fiuther fi)cus of the ellipsoid as 
its centre {Jig. 38, text). 

(110.) Equation (95) may be applied to the case in which the ind. 
dent pencil passes fit>m a denser to a rarer medhinr, throogh a con- 
com sofffiMe. Then; FLf FL\ Jig. M, woakd represent the ineident 
mys, and LR, UR the refiraeted rays, and the ratio of the sine of 
incidence to the sine of refiractionwovld be cepreseated by the 

firaction ; substituting this for m in (95) we have 

fit 

a' — ■ = JL (1/— V) (97). 

m 

For the case of pftrallel ravs, {Jig, 40., p. 55, text,) by proeeed. 
ing as in the last article, making u' —'U^ A — x, 
e' — • e s=s m (-4 — ;r), and 
t) = »'— mA 4- mx ; 
an equation of the same form with that before obtained, and re- 
preeentiBg the distance of a point in a eonse iecfioa front the 
fiurtherftleiiB; is it 

m = e = — , and e' — mA = X. 

A. 

ffinoe fit > 1, e > 1, and the equation beRmgs to a hyperbola, 
(Young's Analyt Geom., article 79, p. 104,) the equation of 
whieh is 

e'asii 4. milsii 4.C. 

I^ then, we form a lens with the Jlr$t iurface plane, and the 
eeeand that of a hyperboloid of tohiek the exeentricUy ie to the eemu 
trantveree as the index rf refractum^ of the material of the lena^ 
is to umty, parallel rave, incident perpendicularly upon the first 
surface of the lens, wuL be refracted to the farther focus ^ the 
hyperboUnd which forms the second surface {fig. 40, Uot). 

(111.) The cases in wiiieh the aberratioil of eonverpfing rays 
upon a spherical surface is zera^ (art 99,) are contained in (95) ; it 
is unnecessary, however, to disoas it fiirther 
G 
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(112.) The forms of mirrors withoat aberration may also be 
inlcrred from the equations just discussed. The convex mirror 
wjU be given by making m = — 1 in (a4), whence, 

du* -\- dv t=^ Oy and integrating 
tt'--c'(-o) = C (98). 

By this property we recognize the hyperbola, the distawceii u' and 
-i/ being those of the point, from the two foci. 

For a concave mirror, u' and v' have the sanie sign, in equation 
(94), and 

du' -f dt'= 0, or, 

u' 4- v'^ C (99). 

The mirror is an ellipsoid, tJie radiant point coinciding tioith om. 
focuSy and the rayg being oMected at the opposite focus. 

If one focus remore to an infinite distance, the ellipsoid beoomefl 
a paraboloid, into the &cus of which the rays which have been 
supposed parallel are coUeeted. 

Caustics by Reflexion, 

(113.) It is not intended to enter fully into this subject in rela. 
tion to both reflexion and refraction, but to confine the discussion 
to examples of the caustics produced by reflexion. 

The formula for the oblique pencil, art 29, d&c, gives, in certun 
cases, an elegant and easy method of determining the form of a 
section of the caustic surface, produced by reflexion from a 
spherical mirror. 

Prop. XXXII. 7b determine the form of the caustic produced by 
the reflexion of a pencil of rays from a spherical mirror^ when 
the rays are parallel; and alio when the radiant point is at a 
diameter's distance from the vertex of the mirror. 

First. When the radiant point is infinitely distant, oi ihe rays 
paraileL 

LDAf representing a section of the mirror, let RL be a ray mci- 
dent upon it and reflected into LB ; then, the focus of a small 
pencil meeting the mirror near to L will be the point F found from 
the value of v in the equation which concludes art 30, namely, 

V 7=: — . cos. 4. 
2 

To construct this vahie of p; let fall from C^-CP perpendicular 
ti» the reflected ray LB, then 

LP = LC . cos. ^ =3 r . cos. f, whence, 
" = -2-- 
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Bisect LC in £, and LP in jp, then LFE is a right angle ; the 
point F^ of the caustic, is, tlierefore, in the circumference of a 

circle of which LE = LC is the diameter. This being true 

of each point in the curve, the caustic curve is an epicycloid, the 

^ Flg.O. 




diameter of the generating circle of which is equal to the radius of 
the base; this latter being half the radius of the mirror. This curve 
and the circle LDM revolving about DC^ as an axis, would gene- 
rate, respectively, the surface of the caustic and that of the mirror. 
Second. Let the radiant point be at the extremity of the di. 
ameter of the mirror. 

JR^. P. 




The ray RL is reflected into LB. To find the podition of F 
apGn JLB, we recur to equation (11), art 29. 
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u V r. opB. f 

Dnmug CP perpendiciihr to RL, 

U 9 

I 



2 


r ^ 


4 
" RL 




tt 


= . 


3 
tt 


.or. 


i^ 




u 
T 


= 


LB 
3 







If CE be nmde = 2^ , the perpendienkr from E U> LB w31 
3 

mteraect it in the fbcos F. The locin of Chete fod u, therefore, 
an epicyclokl, of which the diameter of the i^enerating circle is 
to the radios of the hfuse as two to ope. This oarve is the eardioid 
(114.) In considernig the subjeet in a more general pmni of 
new, we may determine the equation of the curve of section of 
the caustic, the position of the radiant point and section of the 
mirror being g^yen. 

pBor. XXXIII. 7b determine the eqwUimi nf^ curve which is ^ 
Bectiim qf « causHe formed by a curved mirror. The secHmt 
being made by a plane passing through lAe axis of the mirror. 

We refer the curve to polar coordinates, the radiapt point being 
the pole. 




Let B and B' be two points very near e»eh other upon the corve 
which is a section of the mirror ; let Cbe the centre of the oscu. 
latinjr cixole to the curve at either of these points, so that the 
portion of the circle and curve nearly coincide between B and B'. 
KB, RR representing two incident ra^, BP, B'F are the re- 
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fleeted rajB. Call RB =:u,BF= v, the angle RBC = 0, iZB'C 
s= 0', the perpendicular i?P, upon the tangent Bl\ = p, the ra- 
dios CB = CB'ss r. Join FR and let fall the perpendicular RQ, 
upon BF. F being a point in the caustic, FR is the radius 
\iector of that point and RQ a perpendicular upon the tangent ; 
call RFj u\ and RQ^ p'. An equation between u' and p' will be 
that of the caustic curve. 

In the acute angled triangle RFB, since the segment BQ =3 
RB . COS. RBQ, 

ti'3 = u3 -[. »9 — 2u» . COS. 2^ (100) ; 

and in the right angled triangle RBQ 

p'=ul sin. 2(p (101). 

To eliminate cos. 2^ and sin. 2^, we proceed as follows. Since 
RP and CB are perpendicular to BP, they are parallel, and thv 
angle PRB = /2SC = ^, and 

COS. ^ = -^ . 

u 
But, bj trigonometry, 

COS. 20 =: 2 cos.a ^ — 1, 
and by substituting for cos. the value just given, 



COS. 20 = 



_ 2;>» 



We have also, by trigonometry, 

sin. 20 =s Vl — co8.=^ 20, or, 



■•^<^=J^-X 



hese values of cos. 20 a 
ly, we obtain 

u'^ z=:u^ + «a — 2ttt> ^^1^! 1\ , and 

i/=2,/rrz: (.m- 



Substituting these values of cos. 20 and sin 20 in (100), and 
(101), respectively, we obtain 



The value of u'^ may be written under the more simple form, 
G2 



tt'3=,(a + D)3_±!L (103). 
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Tbo lelitkii between a and v gtrtn by equation (11), artf9, er 



maj be applied to this case by taking r to represent the radiaa of 
the oeculatinf eirde, wbich la, 

_^ udu 

Siibetitatin|r thia yaloe (or r, 
^ — = — _ =r — - — £ — — , or, amee 

— - — . COB. ^ 

II 
J- + ^_ = -^ , whence, 
_1_ ^ 2vdp---pdu ^ ^^ 

.= je* (104). 

If thia value of e be sabotitoted in equation (103), we ahall 
obtain a new eqnatioii, wfaieh, in eonjnnelion with (102), will give 
the relation of u' and p' in terms ofu^pjdu^ and dp. The relation 
of the last four quantities mentioned will be |^iven by the equation 
of the reflecting curve and by its differential ; eliminating these 
quantities, there will result a single equation between u* and y, 
the equation of the eeuetio eiurye. 

(115.) To give an ezamf^ of thia BMthed of proceeding, let the 
reflecting curve be any portion of a logarithmic spiral, of which 
the equation is, 

piB 1fl». 

The general value of v (104), is first to be a{>plied to this pai 
ticular < 



Diflerentiating the equation of the curve, 

^ = mdUt whence (104) beeomes 
pudu pu pu 

2mudu — pdu dmci — p f^ — p 

Thia value of v substituted in equation (103), gives 

k'^ 5= 4tta _ i£!!L = 4u^ _ 4||2, or, 

u 
«'» « 4tt« — 4m«K« = 4«« (1 — m*), and 
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AlfOb fitnn (102), 

or finoe we have jost found 

2tf V 1 — ma « u' 

The iection of the canstic aurface is, therefore, a logmrUhmie 
•prtH dieting only in jpotition fnnn the reflecting curve. 



CHAP. VL 
ON TH£ DOUBL£ REFRACTION AND POLARIZATION OF LIGHT. 

(116.) AhhoQgh it does iiot enter into the design of this Appen- 
dix to flhow the method of deducing, from thecvetical eonsidera. 
tions, any of the g«neral laws of Cities, I have thought that it 
may aasiflt the student to give the formula to which tluse coosid. 
emtions lead, or which have been deduced from experiment, in 
certain particular cases, discussed in the text The formula, or 
general law, once remembered, the details of the phenomena flow 
naturally from it, and the memory is not tasked to recollect indi- 
vidual results. 

Double Refraction of Light, 

(117.) The fonmda which represents the law of extraordinary 
refraction in doubly refracting crystals, becomes, when the inci. 
dent ray is in a plane passing through the axis of the crystals, 
m'a = m« — (m« — «'«) . sin. a (105), 

in which wf is the index of refraction of the extraordinary ray, m 
that of the ordinary ray, and ^ the inclination to the axis. In the 
•pheraids oonstru^ed m the text {flg$. 77. and 79.), to gi^ the 
index of refraction of the extraordinary ray, if the axis which oo- 
incides with that of the rhomb be called 6, and that perpendicular to 

the same axis a, then by the construction a = — . , and 6 = — 

m fit 

whence (105) becomes 

Aa]oDgasm> fn',or4-> i.,tbatisa > (,-.(^JL^^\ 
ha \h^ a^ / 
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{Jig»TJ)f will be negative, whence the tenn crystals with a rugO" 
tive axis which applies to this class. When a < 6 (Jig. 79), 

—. < — or m' > m, and | . — - 1 becomes additive, and 

the crjstala are said to be crystals with a positive axis of double 
refraction. 

(118.) In the plane of principal section the tangents of the angles 
of extraordinary and of ordinary refraction are in a constant ratio 
to each other. In the plane perpendicular to this, the law of the 
sines applies equally to the extraordinary and to tlie ordinary ray, 
but the value of the constant quantity is different for tlie two rays. 
These are the only two cases, in which the extraordinarily refracted 
ray is contained in the {dane of incidence. 

(119.) When light which has been polarized by double refraction, 
in the plane of principal section of a crystal Iceland spar (Jigs, 
84. and 85., text), passes through a second ciyetal, the relative 
brightness of each image, supposing that no light is lost by re- 
flexion or absorption, may be expressed by the following formula ; 
in which Ooj Ee, Of, and Eo represent the images formed as de- 
scribed on page 140 of the text, a is the angle which the plane of 
principal section of the second rhomb makes with the same plane 
XI the first, and il is the brightness of the incident ray. 

Oo = 1 il . 00B.2 az= Ee (106). 

2 

Oer=z JLa. sin.a a =z Eo (107). 

The sum of the brightness of the four images, 

Oo ^Ee ^Oe -{• Eoz=A (cos.^ a -f sin.^ a) = A, 

From the foregoing formuls (106. and 107.) we may trace the 
changes of brightness in the several images, as described in pages 
140, 141, of the text {Jig. 86.) 

When the principal sections are parallel, a r= 0, cos. a = 1, and 
tin. a = 0, therefore 

Ooz=Ee=z ^A Oe=zEo = 0. 

2 

By tummg the lower crystal, a assumes a finite value and the 
images Oe, Eo appear. As a increases, sin. a increases and cos. a 
iliminishes ; Oe and £o, therefore, increase in brightness, and Oo, 
Ee decrease. When a = 45°, cos. a = sin. a, and the four im- 
Ufes are equally bright The angle a increasing farther, Oo and 
& become more and more fiiint, and disappear when a = 90^ ; at 



fhia «]igle Oe ;;;;: i^ ;;;7 ^ X The rotation of iha lower cryntA. 

being continued beyond 90^, cob. a takes the negative sign and 
increases w^piftiyely, whilff sin. « Ofilb dumnis&s ; when a =» 
180°, cos. a = — 1, sm, a =b 0, and Oe, A again disappear. At 
this angle the two images Oo, Ee coalesce, the two extraordinary 
refractions taking ^ace in opposite directions. 

Poimrixation of Light by M^tftexi9n, 

(120.) When light has been polarized hy reflexion from a sur- 
fiu^ «pqB whieh it &Sg at tibe nutimaum pOanzimg an§^ the 
^tUowing «mpyrkal ftrnnilm idetDrmiiied by Mahis, will lepresent 
ibe inteofity «f the Ugfat refieoted from ajiotfaer «i]rface, upon 
which the pencil is incident at the polarizing angle: {fig, 87, page 
143, text.) 

JsB A, O0S.3 a (1^), 

in which /is the intensity of the reflected light, A that of the inci. 
dent light, and a the angle between the plane of incidence and that 
of the second reflexion, or the azimuth of the plane of the second re- 
flexion. When a =s 0, or 180^, / is a maximum, and when « ss 
90°, or 270«>, 1 = 0, and no light is reflected. 

As a consequence of this law, a beam of eommon light, as &r as 
brightness is concerned, may be represented by two beams of 
polarized light, haying their planes of polarization at right angles 
to each other : for, the angle between the planes of polarization and 
(rf* reflexion of the one l^ing called a, that of the other will be 
90° ^-^ 41, and fiom (108) we shtdl have, for the brightness of the 
two reflected pencils, 

/ = ^. 00S.3 a 
/' =a it. COS.* (90 — a) = A, «n. '-^a ; 
whence, 

/ 4. /' « ^ (COS.3 a ^ sin.2 «) OS A, 

the sum of the intensities, of the two supposed pencils, remaining 
the same whatever be the angle a, which is characteristic of com- 
mon light 

Equation (106) implies to the case of light polarized by reflec- 
tion, and fauadent upon « i>eAecting surflice at the angle of oom- 
pietB polarizatiotD, a being the angle l^^tween the plane of polariza^ 
tion of the incident ray uid the plane of reflexion. 

(121.) The law, deduced by ^ David Brewster, as expressmg 
(he reunion between the phenomena of refraction and poiarizatum 
hf/ reflexion^ when light falls upon tbe fifst sorfaoe of a body, is 
tan. P = TO (109). 

P being the polaiisioir angle, and m the index of refiraction of the 
material used. 
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From this lbriDiila« if we rappoae the light to be incident at the 
polarizing angle, and call R the angk of refraction at this inci- 
dence, 

— "■^•^;batt«i.P=:??l£, whence 



sin.i2 ooe.P 

sin. £=>: COB. P, (110), 

. or the maiimnm polarizing angle is the complement of the cor- 
responding angle otrefraelim^ and the reflected ray is perpen- 
dicular to the refracted ray. 

(122.) If the lig^t which has passed through the first snr&ce 
&11 upon a second, parallel to the first, the angle of incidence upon 
the fint snr&ce being P, that on the seoond is it, and £ = 90 -- 
P (110); whence, 

tan. it ss cot P: hot cot P = -. = — , and therefore, 

tan. P m 

tan.i?=i 
m 

or the tangent of the incidence upon the secoud surface is the 
index of the refraction from the denser to the rarer medium. R is, 
therefore, the angle of polarization for the second surface, and the 
light reflected from that surfiice, as well as that from the first, will 
be polarized 

Law of Partial Polarization of Light by Reflexion, 

(123.) Sir David Brewster has verified by an ejctensive series of 
experiments a law, which is due to Fresnel, by which the effect 
of any number of reflexions, on the inclination of the planes of 
polarization of a beam of light, may be determined. The effect 
of a single reflexion at an angle differing from the .polarizing angle, 
is given by the equation 

tan. # =«= tan. X ^' ^* "^ r*"^ (Ill), 

cos. (i — i') 

in which formula, t is the angle of incidence, t' the corresponding 
angle of refraction, x the primitive inclination of the pLane of 
polarization of the polarized i^y to the plane of reflexion, and <p the 
inclination of the same planes afler reflexion. The angle t — i' is 
evidently the deviation produced by refraction, and i -|. t' is the 
supplement of the angle between the refracted and reflected rays. 
When X « 45°, the case considered in the text, p. 150, tan. or = 1, 
and 

t^»^c«-(»-+0 (112). 

COS. (t — i') 
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(124.) The efiect of sueceaaive reflexions of a pencil of common 
light, or in which x = 45°, may be deduced from the first equation 
for the value of tan. <p (111); tor if 6 represent the inclination of 
the plane of polarization to that of reflexion after n reflexions, 
tan. & =s tan." ^, x and (p preserving the same relations to each 
other after any number of reflexions ; whence, 

tan.»=S2!ll+J^ (113). 

COS. (» — •')■ 
Since tan. =s tan." ^, and by the supposition tan. ^ is not zero, 
It appears that althoup^h partially polarized light may have its 
planes brought indefinitely near to parallelism, by increasing the 
number of reflexions, yet tan. 0, and tlierefore 0, cannot become 
absolutely equal to zero by any number of reflexions. 

The formula for the quantity of the apparently polarized light 
could not, advantageously, be introduced in this place.* 

Polarization of Light by ordinary Refraction, 

(125.) From an examination of the efiect produced by a single 
sur&ce upon the two planes of polarization in the beam of common 
light, Sir David Brewster inferred, that it depended upon the angle 
of deviation of the ray, and was represented by the formula, 
cot. = cos. (i — (114). 

in which ^ is the inclination of the planes of polarization to the 
phme of the refraction,, and i and t' the angles of incidence and 
refraction of the ray. When i — i' = 0° or i = 90°, cos. (i — t') 
^ 1, and cot ^ = 1, or ^ = 45°, and no change is produced in 
the inclination. When » — i' = 90°, cos. i — t' = 0, and cot 4 
= 0, or ^ = 90°. 

When the light is not common light, or light in which the 
planes of polarization are inclined 45° to the plane of refraction, 
if X be taken to represent the inclination of the planes of poiariza- 
tion of the beam to the plane of refraction, 

cot <p = cot X. COB, (i — i') (115). 

If the light fall upon a second surface, parallel to the first, x for 
that surface is the value of <p found for the first, and if be called 
the inclination after n refractions, 

cot = cot" <P = cot" X, COS." (t — (116). 

When cot a; = 1, that is, in the case of common light, 

cot d = COS." (» — t') (117). 

(126.) By combining this formula with that for the partial polar. 
Ization by reflexion, we can readily obtain the -*Fect produced upon 
light wmch should reach the eye, afler two refractions, at the first 
surface of a plate, and an intermediate reflexion at the second 
surfoce. 

♦Sir D. Brewster, in Phil. Trans. (Lon.) 1830 
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Let f npnmai die incBiMtWm of tli» plane of poiarisaftioo to 
that of reftactioik, after lefractkn by the fint sorftoe of the plate; 
f' the iwrJinafinn prodaced by the refiexaaa at the aecoud snrihee ; 
and 4^" that produoed by the aecond re&actioii at the first aurftee, 
v the ray emergea. Calling, as beftfe, t the angle of kicideftce 
on the first snrfiioe^ i' that of rsfiractioii* aad m the mclintttioD of 
the planes of pobrhation alt the incident light to the plane of inci- 
dence ; then fifom (115X 

COtfai cot X. COB. (« — »'), Ot tVL # ££ ^' , . 

am. (i — i') 
Pmn fivmida (111), fiir partial poiaiizBtion by refleadott, 

tan.»-=^tan.» ^(> + f . ^ tan. ^ cc^{i^i') 
^ COS. (i — i') cos.(i— iy. 

Kqaation (115), applied to the second sorface of the plate, gives 

oot ^''s cot f '. COS. (t — 1^ ; 

wfaenoe, by so hrt i f nli i ig ibr oot ^' the reciprocal of the vakn just 
Ibond 6r tan. f\ 

ooL< = _l i=i£z:£>l,or, 

tan. « cos. (i 4- »') 
cocf --COUX. ^^.__ .^iio;. 

For ooaunoii li^ m which s^45P^ 

cot ^=: COS. (f »*), 

tan.»^= «»-(*-f 



oos. (i-^i')3 

^ .^ «is.(i^O» (119). 

COS. (f -f O 
If, in this latter case, 

coe.(t — 03^cos.(i4.0, 

ooL^"=al, or^''=45o, 

and the light polarised by the first refraction aoEid the intermediate 
reflejd on, will be restored fay the refraetion, at emerging, to the state 
of common light The above equation will be sati^ied in glasa of 

which ™lL = m = 1.525, at 78° 7'. 
sin. r 

If cos. (t — 0' > «». (i -f r), which would occur by dimin- 
ishing t, cot ^' >^ 1, and ^" < 45^. 

If eos. («— r)? = cos. C» + O tan. ^'= 1, ^'-B45°arthe light 
polarized by the first reaction is restored to common light fay the 
•^exion. When refincted at the second sur&ce, since. 



^^*-*'>' = CO.. (.--O . ^<^'^'?' = CO.. (i^iX 

cofc (i+i') • coB.Ci+0 

cot .^" = COS. (tr- Of 

or the light ^ Depoliixized .i\t t^ie siQCQnd rafiracti^m, ^nd t^ effisct of 
the plate is that of a single surface.** / 



CHAP. vn. 

OP rUE RAINBOW. 



(127.) To explain the th^^ op the rainbow, we begin by the 
following proposition. 

Prop. XXXIV. AraypfUght tnUrs q rffirjf^eiing sphere, is re- 
fleeted amf number of times, and emerges ; to jdetermine the deina. 
tion when it is a maximum, or minimum. 




Let RL be a ray of Usht, meeting the refracting sphere LMNR 
at A and refracted into Litf: IsM meeting the second surface of 
the sphere at JUT, is in part reflectod into MN, which farther suifers 
reflexion at NP, taking the direction NP; that part of IfP which 
is not reflected, passes out of the sphere, being refracted into tlie 
direction PF. By the law of reflexion the angles CML, CMN, &c., 
are all equal to CLM the angle of refraction at the first surface; 
ttie a^gts of emevgence JPF is, therefoce, equal to the angle of 
incidence RLK. Call the angle of incidence 0, thajt of relGf^ctioo 
/ ; the angle c£ deviatioii of me refracted ray LM, or the angle 
flLitf =0 — ^'; the angle of deviation at emer£fence, or the angle 
JKPa = ^ — ^;andthe8umofthe4emtionsis2(^~^'.) IHie 
deviation produced by the first reflexion, or EMN =s 180 — LMN 
es 180 — /i<p', and at each succeeding reflexion a new deviation <^ 
equal amount is produced ; the total deviation, therefore, afler n re. 

* Hemoir by Sir D. Brawiter, in Pkil. Trans. (JLon.) 1830 
H 
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flexioM k I80fi — Sn^'. The sum of the efiects prodaced by both 
reflection And reflection is, calling S the total deviation, 

i sa 180n — 2»^' + 2 (#— fO <» 
i B I8O11 4. 2^ — 2 (n + 1 ) ^' OaOf). 

In which equation f and ^' are connected by the equatiao, (17» 
ait 390 

■in. ^ a m. Bin. ^' (17). 

When ^ ia a mazimom or minimam, <2d ss 0, and by difieren- 
tiatinf (120^ oonaidering f and f' as variable, 
2<f^ — 2 (» 4. 1) ii^' B 0, or 
rf^ = (n + 1) J^'. 
^y difeentiating (17), 

d, ain. ^ a m. il sin. ^', or ' 
008. ^ . ^ S3 m. cos. ^' . (f^'. 
In which snbstitnting the valne just found for J^, 

(« 4. 1) GOB. ^ . <i^' a m COS. ^' <i^', and 
(» 4. 1) COS. ^ s m . COS. ^'• 

To Qombme this with (17), square both equations and add, we 
have 

ahi. »f 4. (n + 1)». co8.a ^ = f^K ^^j^a ^' ^ cos.a ^0; . 
bat, ain.' ^ cs 1 — cos.' ^, and sin.' f' 4. cos.a ^' ss ], whence 



ccs.«^((i» + l)«-l) + : 



eo..a^^ m»-l ^ m'~l m'~l ^, 

(n+l)^— 1 ii^4-2ii n(ii4-2) 

'-♦=>/^ (^'^>- 

(128.) The fi imar y rainbow is formed by two refractions and 
one reflexion c£ the sun*8 light, by drops of rain, as shown in^. 
134, page 224 of the text 

Producing the incident and emergent rajrs JIF and Oq, until 
they meet at q; (120) gives by making « b 1, 

a =180 -1-2^ — 4^'. 

The angle q (RqO) is the supplement of the deviation ^, whence 

^«4^'-2^ (122), 

and since q increases as i diminishes, 9 is a maximum when ^ is a 
minimum. Near the maximum value, q will change less for a 
gi^en change of incidence than at other values ; and near this maxu 
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mum, therefore, the incident pencil will emerge most copiously, and 
affect tlic eye most strongly. When ^ is a minimum, we have from 
the preceding article, by making n = 1 in equation (121), 

oo8.#= y™iEr..... (123)5 

m which, if for m, the index of refraction of water for the di& 
ferently colored rays be substituted, the angle of incidence will be 
found at wiiich each color is most copiously transmitted to the eye. 
The angle ^ will be given at the same time by equation (123), and 
by the relation, 

sin. ^ = m . sin. <p' (17). 

To determine the limits of the value of q for the differently 
colored rays, we take the value of m for the least and most refran- 

108 
gible of tliose rays : for the red m = — , and for the violet m 

109 

=r . These values substituted £ot m, in equation (123), wo 

ol 

obtain from (1523), for the red rays, 

cos. ^ as .5092, ^ » 59^ 21', and sin. =r .8603, whence from 
(17) sin. ^' = .6452 and 0' = 40° 11'; therefore from (122), q = 
160° 44' — 118° 42' = 420 g'. 

For the violet rays the same equations give, 
cos. =5 . 5199, <p = 58° 41 J', and sin. = .8543; whence sin. 
0' = .6352, and ^' = 39° 25', and q' = 157° 40'— 117° 23' = 
40° 17'. 

The breadth of the bow is measured by the angle qO^ = OnR — 
j' = 5 — y' = 42° 2'— 40° 17' = 1° 45'. This supposes the 
rays to flow from a point. The angle q being greater than 9^, th^ 
line Oq is above 0^\ and the red is the highest color in the bow. 

(129.) The secondary rainbow, shown in the same figure of the 
text, is formed by two reflexions and two refractions: it corresponds 
to the case of m = 2 in the formula for tlie deviation. From this 
formula (120) 

i = 360 -f- 20 — 60' ; 

but the angle GqO between the incident and emergent rays is the 
excess of the angle of deviation above two right angles, whence 

5 ==: 180 + 20 — 60' (124). 

By the same reasoning which was used in the preceding article, 
it may be shown, that the different colors will be transmitted most 
copiously, at incidences given by equation (121), in which n = 2, and 
m is the index of refraction corresponding to the colored rays of 
which the incidence is sought From (121) 

coe. t =. y^i^ (125). 
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The idatiaii of f sod ^' is given by 

sin. ^ =s in . sin. ^' (17). 

The limits of the value of q will be found by placing for m in 

(125), and (17), the index of refraction for the least and most 

- ,,, 108 , 109 

refrangible rays, or m = and m = ..—-. . 

By proceeding as in the last article, we have for the red nys: 
oca. ^ = 3118, = 710 49^', sin. = .9501, sin. #'= . 7126, 
f' ^ 450 27', and 9 :r= 509 57'. 

For the violet rays: cos. ^ = . 3184, ^ = 71° 27J, sin. <p' = 
.7046, f = 14° 48*, whence ^ « 54° 7'. 

Tlie angle, f', £ot the violet rays, being greater than the cor. 
responding angle for the red, the violet is higher than the red, in 
the bow ,* the colors are therefore inverted in rekition to those of 
the primary. The angle q'Oq s= ^ — q = 3° 10'. 

The angular distance between the bows, qOq ^ 59° 57' — 42' 
2'= 8P55'. 

(130.) The breadth of the bows, and of the space between them, 
having been measured on the 8U{^osition thai the rays flow from 
a point, correction must be made for the apparent duuneter of the 
solar disc, which u about 32'. On this account the breadth of 
each bow is increased by 32', so that the primary is 2^ 17' in 
breadth, and the secondary 3° 4Sy, The breadth of the space be. 
tween the two bows is, thus, diminished by 32', and is Q° 23'. The 
angle, 9, for the highest red of the primary bow will be (42^ 2' -j- 
16^ 42° 18'; whence, if the sun is more than 42° 18' above the 
horizon, the primary bow is not seen ; the corresponding limit for 
Uie secondary bow is 54^ 23'. 

(131.) A portion of the light which enters any drop of rain, is 
lost at each reflexion : for, by art 41, in order that total reflexion 
shall take place at the separating surface of the denser and of the 
rarer medium, the relation m sin. ^'=1, or > 1, must subsist; 
but from the investigation it appears, that sin. <p is always less 
than unity, and that the condition necessary to total refleidon is 
never satisfied. The colors of the secondary bow are therefore 
fainter than those of the primary. 

The method of investigating the theory of the bows formed by 
three or more reflexions - combined with two refiradiods, must be 
obvious from what has been said in relatioii to the .primary and 
secondary bows. 
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Aberration, tpherical, of lenses and 
mirrors, 51 ; longitudinal ; lateral, 
52. Appendix, 55. By a single re- 
fracting surface. App. 61. By a leos, 
App. 65. Values of. for different 
lenses, 56; App. 68. Chromatic, 74. 

iEpinus, M., his experiments on ac- 
cidental colors, 256. 

Air, the absorptive power of, ISO. 

Amici, professor, of Modena, pro- 
poses various forms of the camera 
lucida, free from the defects of Dr. 
Wollaston's, -278. Revives the re- 
flectinif micro8co])c in an improved 
form. 286. 

Analcimc, the polarizing structure 
of this mineral : derives its name 
from it!< property of not yielding 
electricity by friction, 1H3. 
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by. 157. 

Archimedes, the manner in which 
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the ships of Marcellus, 264. 

Atmosphere, the refractive power of 
the, 215. 
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Rarlncci. professor, his experiments: 
fi'ids that the armed natural load- 
stone ha I its powpr nearly doubled 
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Barlow, his achromatic telescope, 
:»4. 

Barton, John, produces color by 
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cates these colors by pressure to 
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Batsha, the tides of, explained by 
Newton and Halley, Hi). 

Baumgartner, M., his experiments : 
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oth-rparts without l-iftre. br»comps 
masuf'tic by *'xp.>sure lo the white 



light of the sun ; a north pole ap- 
pearing at each polished part, and 
a south pole appearing at each un- 
polished part ; obtains eipht poles 
on a wire eight inches long, 84. 

Beams, solar, diverging, 2^3; and 
converging, 2.34. 

Berard, M., hid experiments on the 
heating power of the spectrum, 82. 

Berzelius, M., his experiments on ab- 
sorption, 123. 

Biot and Arugo on polarized light, 
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Blackadder, some phenomena both 
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seen by him at King George's Ba.4- 
tion, Leith, 219. 

Blair, Dr., his achromatic lens, 77. 
Constructs a prism telescope. 303. 

Bodies, absorptive power of; the na- 
ture of the power by which they 
absorb light, not yet apcertaiiii^d; 
all colored transparent bodies do 
not absorb the colors proportion- 
ally. I'JO. Absorb heating rays un- 
equally, 316. Natural, the colors 
of, 2,35 and 320. 

Bovista lycoperdon, the seed of. 101. 

Boyle, his observations on the colois 
of thin plates, CO. 

Brereton, lord, his observations on 
the colors of thin films, i 0. 

Buchan, Dr., case of unusual reflex- 
ion, 222. 

Buffon. constructs a burninir appa- 
ratus ; the principle of it explained, 

2i:4. 



Camera obscura, an optical instru- 

jnent, invented by the celebrated 

Baptista Porta, 274. 
Camera lucida, invented by Dr. Wol- 

laston, 277. 
Cameleon mineral, 239. 
Carbon, sulphuret of, of great use in 

optical researches; employed as a 

substitute for flint glass by Mr. 

Barlow. 305. 
Carpa, M., and M. Ridolfl, repeat 

Dr. Morichini's experiment with 

success, t4. 



* The Appendix referred to is that of the American editor, unless when 
the contrary is expressly stated. 
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Onrfa, «a oC S1-7S. 

Cklopnks«lS. A»9. 

Canalies fonned by rellexioB, SB. 
Apfk 74. Fonned by refraction. ^ 

CharaMl the UMMt absorptive of an 
bodies,!^ 

CIWTalier. M.. of Paris, makes oae 
of a Boeniseus prism for tbe ca- 
Bora obseura, 271. 

Christie, Mr., of Woolwich, his ex- 
periment confirmed by those of M. 
Barlood and M. Zantedeschi, 84. 

Coddincton, Hr., his obserratloos on 
the compound microscope, iH. 

Coldrs, accidental, and colored 
shadows. 8S4. Phenomena of. il- 
lastrated by various experiments, 
859. 

Compression and dilatation, their 
' optical influence, SOX 

CrosKd lens, Appi GB. 

Crrstab witli one axis of double re- 
uaction, lid. Whether mineral 
bodies or chemical substances have 
two axes of double refraction, 133. 
A list of the primitive forms of, 
aeoordinf to Uauy, 134. With 
one axis; system of colored rings 
in, 173. The influence of uniform 
heat and cold on, 202. Composite 
exhibited in the bi pyramidal sul- 
phate of potash, 206l In apophyl- 
bte, ib. in Iceland spar, 208. The 
multiplication of images by the 
crystals of calcareous spar with 
one axis, 210. Diflferent colors of 
iho two images produced by dou* 
Ue refraction in crystals with one 
axis, 211. 

Cubes of glass with doable refrac- 
tion, 199. 

Curves, caustic, formed by reflexion 
and refraction. 58. A pp. 74. 

Cylinders of ^ass with one positive 
axis of double refraction, 197. 
With a negative axis of double 
refraction, 198. 

D. 

D'Alembert, 304. 

Davy, Sir Humphry, repeats Berard's 
experiments on the heating power 
of the spectrum in Italy and at 
Geneva; the result of th<»e ex^ 
periments a confirmation of those 
of Dr. Berschel, 82. 

De Cbaulnea. dul^e, 98. 

Desciirtes, 54. 

deviation, angle of, 33. App. 27. 

Diamond, 31. 

Dichroisra, or the double color of 
bodies, 210. 

moptries,2?. App.2^ 

Inspersion. irrationnhty of, 73. 



Dispersive powers, Ubl« of, Aathor** 

App. 310. 
Di Torre, father, of Nafriea, his im- 

eovement on Dr. Hooke's spheres 
r microscopes, 280. 
Dollorid, Mr., the achromatic tele- 
scope brought to a high degree of 
perfection by, 76. -^ 

E. 

Ellipsoid, 54. Appi 73. 

Euj^lefleld, Sir Benry, 81. 

Enometer, an instrument proposed 
by Dr. Toung, a description of it ; 
and the manner in which it is to 
be used, '101. 

Eye, the human ; the structure and 
functions of, 2;I0. The refractive 
powers of humors of, 2^ The in- 
sensibility of, to direct impressions 
of faint light ; duration of t)ie im- 
pressions of light on the retina, 
250 and 321. The cause of sin- 
gle vision with two eyes, 25L The 
accommodation ot, to different 
distances, proved by various ex 
periments, 252. I^ng-sightedneas 
and short-sightedness accounted 
for, 2S3. Insensibility to particu- 
lar colors, 259 and 322. 

Eye-pieces, achromatic, Ramsden's ; 
in universal use in' all achromatic 
telescopes Ibr land objects, 301. 

P. 

Faraday, Mr., his observations on 
glass tinged purple with manga'- 
nese; its absorptive power altered 
by the transmission of the solar 
rays. 134. 

Fata Morgana, seen in the straits of 
Messina, accounted for, 218. 

Fibres, minute, colors of, 101. 

Fits, the theory of, superseded by 
the doctrine of interference. 111. 

Fluids, circular polarization in, dis- 
covered by M. Biot and Dr. See- 
beck, 168. 

Focal point, 1& 

Foci, conjugate, 18. App. 15. 

Focus, principal, for parallel rays, 17- 
rules for finding the principal; for 
convex lenses, 41. App. 38 ; for 
mirrors, 17. App. 14. Distance from 
centre, a mean proportional, A:c., 
App. 18. Physical, of mirrors, App. 
59l 

Fraunhofer, M., of Munich, il^is ob- 
servations on the lines in the spec- 
trum, 78; perceive similar bands 
in the light of planets, and fixed 
stars, 79. Illuminating power of 
the speetium, 80. 

Fresnel, M., explains t^e phenomena 



IBPKX, 
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of inflexion or diflRraction of light, 
86. Formala for polarization of 
light by reflexions, not at maxi* 



tn polarizing ancle, App. 83. Bis 
experiment on the interference of 
polarized light, 180. Discoveries 
of, on circular polarization, 189. 

6. 

Glasses, |riane, 31. Multiplying, 273. 
Refraction of light through plane, 
36. App. 35. Achromatic opera, 
with single lenses, 304. 

Gordon, the duchess of, 91. 

Gorina;, Dr., his improvements in all 
kinds of microscopes ; introduces 
the use of test objects, 287; a work 
published by him and Mr. Pritch- 
ard on the microscope, 281. 

Gray, Mr. Stephen, 280. 

Gregory, James, the first who de- 
scribed the construction of the re- 
flectins telescope, 291. 

Grimaldi, his discovery of the in- 
flexion or diffraction of light, 86. 

H. 

Hall, Mr., inventor of the achro- 
matic telescope, 76. 

Halley, Dr., his observatioiM on the 
rainbow, 226. 

Halos, 227. The colors of, described ; 
the origin of, and how produced, 
232. 

Hare, Dr., observation on translu- 
cency of gold leaf, 320. 

Haiiy, the abb<^, discovers the want 
of electricity by friction iu anal- 
cime, 184. 

Heat, the influence of, on the ab- 
sorbing power of colored media ; 
analogous phenomena in mineral 
bodies, 123. Heat and cold, tran- 
sient influence of, 197. 

Herschel, Mr., his discovery of an- 
other pair of prismatic images in 
thin plates of mother-of pearl, 105. 
The principal data of the undiila- 
tory theory given by, 119. The 
results of many authors on the 
subject of colored flames, given 
by, 124. His discovery that in 
crystals with two axes the axes 
change their position according to 
the color of the light employed, 

Herschel, Sir W., his experiment of 
the heating power of the spectrum 
confirmed by Sir Henry Englefield, 
81. Ink applied by him for obtain- 
ing a white image of the sun, 131. 
Constructs a telescope, 40 feet 
long, with which be discovers the 
sixth satellite of Saturn, 296. 



HevBliua, his obflerr^tiOQii pn » pa- 

' raselene, 290. 

Home, Sir Everard, his description 
of the peari, 105. 

Hooke, Dr., constructs sm^U spheres 
for microscopes, 280. 

Huygens, his discovery of the law of 
double refraction in crystals, 131 ; 
determines the extraordinary re- 
fraction of any point of the 
sphere, 132. Publishes an elaborate 
history of halos, Si31 ; his discov- 
ery of the ring and the fourth sat- 
ellite of Saturn, 289. 

Huddart, Mr., several cases described 
by him of unusual refraction, 216. 



Iceland spar; of what composed; 
found in almost all countries, 126. 

Image by mirrors, curvature at ver- 
tex of, App. 24. Change of form 
by change of distance of object, 
App. 24; formed flrom section, App. 
26 ; by a convex lens, App. 53 ; by 
a concave lens, App. 5-1. 

Incidence, angle of, equal to angle 
of emergence, 14- App. 29. Plane 
of, 14. 

Induration, the influence of, 205. 

Ink, diluted, absorbs all the colored 
rays of the sun in equal propor- 
tion ; applied by Sir William Her- 
schel, as a darkening substance, 
for obtaining a white image of 
the sun, 121. 

Interference, the law of, 115. 

lolite, properties of, 211. 

Iris ornaments invented by John 
Barton, Esq. 107. 



Jansen, his invention of the sin^e 

microscope, 279. 
Jurine and Soret, observation of an 

unusual retraction, 218. 



Kaleidoscope, formation and prin- 
ciple of the, 262. 

Kirchcr, the inventor of the ma|;ie 
lantern. 276. 

Kitchener's, Dr., pancratic eye-tube, 
302. 



Landriani, 81. 

Lantern, magic, invented by Kir- 
cher, 276. 

Latham, Mr., 221. 

Lerebours, M., has lately executed 
two achromatic object-glasses, 
which are in Sir James South's 
observatory at Kensington, 300. 



02 INDEX. 

Lehot. his work on tbe leat of vis- 
ion. 944. 

Le Maire, 51. 

Lena, spberical, concavo-convex, 
double-convex, plano-convex, dou- 
ble-concave, plano-concave, 31; of 
least aberration, App. 69. 

Lens, a plano-convex, the principal 
focus of, 42. App. 43. Plano-con- 
cave, refraction by, App. 47. 

— achromatic, 76. 

Lenses, the formation of images by, 
App. SO. Their magnifying power, 
46. Convex and concave. 267. App. 
37, 45. and 54. Burning and illu- 
minating. 268. 

Lenses, polyzonal, constructed for 
the Commissioners of Northern 
Lighthouses; introduced into the 
principal French lighthouses, 269. 

Light, the velocity with which it 
moves; moves in straight lines, 12. 
Falling upon any surface, the an- 
gle of its reflexion equal to the 
angle of its incidence, 14. The to- 
tal reflexion of, 34. App. 27. Re- 
fi^action of, through curved sur- 
faces, 37. Refraction of, through 
spheres, 38. App. 42. Refraction of, 
through concave and convex sur- 
faces, 40. App. 31. Refraction of, 
through convex lenses, 41. App. 
37. Refraction of, throush concave 
lenses, 44. App. 45. Refraction of, 
through meniscus and concavo- 
convex lenses, 45. App. 48. On tbe 
colors and decomposition of white 
light, the composition of. discover- 
ed by Sir I. Newton, 03. Diflbrent 
refrangibilities of the rays of ; re- 
composition of white light, 65. De- 
composition of, by absorption, 67, 
and 315. The inflexion or diffrac- 
tion of, 86. Several curious prop- 
erties of, 107. The interference of, 
111. The absorption of, 120. A 
new method proposed of analyzing 
white light, 124. Double refraction 
of, first discovered in Iceland spar, 
126. Polarization of, by double re- 
fraction, 138. Partial polarization 
of, by reflexion, 149. App. 82 ; and 
by ordinary refraction, 152. App. 
83. Polarized, the colors of crys- 
tallized plates in, 182. Tbe action 
of metals upon ; absorptive powers 
of, 210. 

Loadstone, various experiments by 

Srofessor Barlocci and Znnte- 
eschi on the magnetizing power 
of light on, 85. 



Magnetism, experiments illustrative 
of, as developed by light, 85. 

Malus, M., discovers the polariza- 
tion of light by reflexion, 143. 
Law of, App. 81. 

Mariotte, Iiis curious discovery that 
the base of the optic nerve was 
incapable of conveying to the 
brain the impression of distinct 
vision, 243. Theory of vision 
proved by comparative anatomy. 
244. 

Megascope, a modification of the 
camera obscura, 270. 

Melloni, Signor, observations on ab- 
sorption of heating rays of spec- 
trum, 3Ifi. 

Meniscus, 32. Its effect on parallel 
rays ; its effect on diverging rays, 
45. App. 48. 

Microscope, single, 51. The magni- 
fying power of; invented by Jan- 
sen and Drebell, 279. Made of 
garnet, diamond ruby and sap- 
phire, 280. 

reflecting, 51. First 



proposed by Sir Isaac Newton ; re- 
vived in an improved form by pro- 
fessor Amici of Modena, 386. 

compound, 283. 

- solar, 288. 



Microscopic observations, rules for, 
2.S7. 

Mirage, a name given to certain ef- 
fects of unusual refraction, by the 
French army, while marching 
through the sandy deserts of Lower 
Egypt, 218. 

Mirrors, 13. Images formed by, 23. 
App. 23. Concave, formation of 
images by, 23, App. 24. The prop- 
erties by which they are distin- 
guished, 265; used as lighthouse 
reflectors, and as burning instru- 
ments, 266. Convex, formation of 
images by, 24. App. 26. Plane, 
formation of images by, 25. App. 
26. Spherical aberration of, 57. 
App. 55. Plane and curved, 261. 
Plane burning, the eflfect produced 
by a number of these, 964. Plane, 
reflexion by, App. 13. 

Mohs, prismatic system of, 173. 

Morichini , Dr., his experi ment on the 
magnetizing power of the solar 
rays, 83 ; magnetizes several nee- 
dles in the presence of Sir H. 
Davy, professor Playfair, and other 
English philosophers, 84. 
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Jjlother-of-pearl, the principal colors 
of, obtaiood from the shell of the 
pearl oyster ; long employed in the 
arts; the manner in which its 
colors may be observed, 103. 

N. 

Newton, Sir Isaac, his discovery of 
tlie composition of white light, 63. 
Recomposes white light, 65. In- 
flexion or diffraction of light de- 
scribed by, 86. His method of |vo- 
ducing a thin plate of air ; com- 
pares the colors seen by reflexion 
with those seen by transmission, 
93. His observations on the colors 
uf thick plates produced by con- 
cave glass mirrors, 97. His theory 
of the colors of natural bodies, 236. 
His experiment of accidental co- 
lors, 256. Was the first who applied 
a rectangular prism in reflecting 
telescopes,270. Executes a reflecting 
telescope with his own hands, 29L 

Konluminous bodies, 11. 

O. 

Objects, test, the use of, introduced 
by Dr. Ooring, 287. 

Oblique pencil, cases of, App. 19 ; re- 
flexion by mirror, App. 19 ; which 
crosses axis of mirror, App. 22. 

Opacity, 239. 

Optical figures, beautiful, how pro- 
duced, 803. 

Optics, physical, 63. 

Oxides, metallic, exhibit a tempora- 
ry change of coloc by heat, 239. 

P. 

Parabola, 58. 

Parker, Mr., of Fleet-street, executes 
the roost perfect burning lens ever 
constructed, 268. 

Pencil, direct and oblique, defined, 
App. 9. 

Phantasmagoria, 277. 

Plates, thin, colors of, 90. Of air, 
water, and glass, 93. Thick, first 
observed and described by Sir I. 
Newton as produced by concave 
mirrors, 97; a method by which 
the colors may be best seen and 
their theory best studied, 99. Re- 
fraction through, App. 36. 

Polarization by reflexion, law of, 
App. 81. Relative to refraction, 
App. 82. At second surface of a 
plate, App. 88. Partial by reflex- 
ion. App. 82. By ordinary refrac- 
tion, App. 83. Circular ; this sub- 



ject studied with much sagacit? 

and success, by M. Biot, 185. jBllip- 

tical, 190. 
Porta, Baptista, his invention of the 

camera obscura, 274. 
Primary plane, App. 19. 
Principal focal distance, 17. 
Prisms, refraction of light through 

32. App. 28. 
Prisms, crown glass, and diamond 

the dispersive powers of, compared, 

71. 
Prism, meniscus, used for the came> 

ra obscura, by M. Chevalier of 

Paris, 271. 
Prisms, compound and variable, 371. 



Quarts, 91. 



Radiant point, 18. 

Rainbow, primary and secondary, 
223. App. 86. The light of both 
wholly polanzed in the planes of 
the radii of the avch,225. 

Ramage, Mr., of Aberdeen, con- 
structs various Newtonian teto' 
scopes; the largest of these is 
erected at the Royal Observatory 
of Greenwich, 297. 

Rays, reflexion of parallel, 15. App. 
14. Reflexion of diverging, 15, 
App. 14. Reflexion of converging, 
16. App. 16. Reflexion of, from 
concave mirrors, 16. App. 13. Re- 
flexion of, from convex mirrors, 20. 
App. 16. Incident; refracted, 28. . 
Focus of parallel; diverging; con- 
verging, for sphere, 39. App. 42. 
Parallel, 41. Rule for finding the 
focus of iMirallel for a glass un- 
equally convex, 42. App. 38. Rule 
for finding the focus of a convex 
lens for diverging rays, 43. App. 39. 
Rule for finding the focus of con- 
verging, 40. A|Mp. 44. Rule for find- 
ing the focus of a concave lens for 
diverging, 45. App. 46. Solar rays, 
the magnetizing power, of, 83. 
Falling perpendicularly on the 
surface of a prism, App. 89. 

Rectangular plates of glass with no 
double refraction, 199* 

Reflexion by specula and mirrors; 
angle of. 13- Plane of. 14. FiU ot, 
111. Total. 34. App. 27. Formala 
for, deduced frank those of refrac*. 
tion , App. 27. Surfaces of accurate, 
App. 71, 

Refraction, angle of, 28;ijidex.of,3QL 



App. 28. Through prisma 3]i. Am.. 
98. And lenses, 31. App. 31. The 
composition of white light discov. 
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ered by, (S3. PolarizAtion by, 153. 
A|tp. ^3. ITnusual. S15. Surfaces 
of accurate, App. 71. 

ftclYaction, double, Ihe law of, as it 
•lists in Iceland spar, 196. Law 
of, App. 79. Communicated to 
bodi<*8 by beat, rapid cooling, pres- 
sure, and induration, 135. Gene- 
ral observations on, 214. 

Refractive power, tables of. Author's 
App. 310. Absolute, 310, 315. 

Riesd and Moser, MM., their experi- 
ments on the magnetizing power 
of solar rays, 85. 

RochoM, 61. 



Bcheele, the celebrated, 83. 

Bcheirior, the orifsinal account of a 
parhf'lion seen by, '£it*. 

Bcoretiby, captain, in navigating the 
Greenland seas, obstirved several 
cases of unusual refraction, 217. 

Secondary plane, fucal length in, 
ftiund, App. 31. 

Sei'lM'ck, M., his experiments on the 
healing power of the spectrum, i^2. 
And on the chemical influence of, 
Kl. Published an account of ex- 
pfriroenls with cubes aud glass 
Cylinders, 302. 

Self-luminous bodies, 11. 

Sencbier, W. 

Solar spectrum consists of three 
colored spectra of equal lengths,— 
red, yellow, and blue, t)8. 

Somerville, Mrs., her experiments; 
produces magnetism in needles, 
which were entirely free from 
mngnetism before, by the solar 
rays; her tixperiments repeated by 
M. Baiiuif^artncr, H. 

Spertriim, the, 7i*. Properties of; 
the existence of fixed lines in, 78. 
The illuminating; power of, hO. 
The heating power of, 81. Chem- 
ical influence of, }^2. 

SpectHcles, prris^nptc, invented by 
Dr. WTollHstnn, 2»j7. 

Specula, plane, concave, and con- 
vex, 13. 

Sphere, rule for finding the focus of, 
40. App. 43. 

'^— of filass, with a nun:1)er of 
axes of double refraction, 301. 

Spherical surfaces, of same curva- 
ture, refraction by, 49. 

Spheroids, glass, with one axis of 
double refraction, 301. 

Substances with circular double re- 
fraction, 136. 

Sulphuric acid, 73. 



Surfaces, grooved, the production oC 
color by; and of the communica* 
bility of these colors to various 
substances, 104; applied to the 
arts by John Bartun, Esq., IOC 



Tabasheer, the refractive power of, 
S39. 

Talbot, Mr., his experiments on the 
colors of thin plates, 07. His ob* 
servatjons on fiUus of blown glasa, 
100. 

Teinoscope, 303. 

Telescope, reflecting, 50. Astronoro> 
ical refracting, 51. Achromatic, 
one of the greatest inventions of 
the last century, pronounced by 
Newton to be hopeless; accom- 
plished soon after his death, by Mr. 
Hall ; brought to a high degree of 
perfection by Mr. Dollond, 76. Ter- 
restrial, 'i: 0. Gahlean, 391. Gre- 
gorian redecting. 391. A rule to 
find the magnifying power of, 293. 
Cassegrainian, 393. Newtonian, 
an improvement on the Gregorian 
one, 3.4. ^ir William Hersclutrs, 
296. Mr. Ramage'B, 337. Achro- 
matic solar, wi tb si ngle lenses, :)05. 
Imperfectly Achromatic; the im^ 
provement of, :<06. 

Thenard, the first who observed 
blackness produced on phospbo 
rus, 134. 

Tbfdsnera. correction for, App. 35. 

Topaz, Brazilian, 310. 

Transmission, fiu of. 111. 



Undulations, theory of. 116 and 319 
Great progress of, in modern limes* 
the doctrine of interference in ac< 
cordance with, 118. 

V. 

Vergency. term utsed by Lloyd, App. 12 

Villele, M.> of Lyoiis, burning in- 
struments made by, 366. 

Vince, Dr., his observations on un- 
usual refraction, 216. And. on a 
most remarkable case of mirage, 
218. 

Vision, the seat of, 243. Erect, the 
cause of, from an inverted ima^e, 
346. Distinct, the law of, 347. Ob- 
lique, 348. 

Visible direction, the Uw of, 315 i 
the centre of, 946. 
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w. 



Water, ITte al»«ort»live power of, 120. 
For heating rays, 317. 

Wollaston, Dr., his dianoveriea on 
tbe chemical effects of light on 
gum guaiacum, 83. His invention 
of the periscopic spectacles, 267. 
Of the camera lacida, 277. Dou- 
blet, 284. Refraction through 

* strata of air of different densities 
proved by, 219. 

Wunsch, Mm his observations on 
alcohol and oil of turpentine, 82. 



Y. 



Young, Dr., his invention of the* in- 
strument called the erioniel^if, 101. 
His illustration of the umlulatory 
theory drawn from the spring and 
neap tides, 118. His experiments 
on the interference of the rays of 
light, 114. 

Z. 

Zantedeschi, M., his observations on 
oxidated magnets and those which 
are not oxidated; repeats Mr. 
Christie's experiments on needles 
vibrating in the sun's light, 85. 



THE END 
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OF 

BLANCHABD & LEA^S PU BLICATIONS. 

CABiCFBEX;L*S LOBD ORANOELLORS. New Bdition- (Now Iteady.) 

LIVES OF THE LORD CHANCELLORS 

AND 

KEEPERS OF THE GBEAT SEAL OF ENGLAND. 

FROM THE EARLIEST TIMES TO THE REIGN Of KIMG GiORfiE IV. 
BY LORD CHIEF lUSTICE CWBEU, l.E,F.B.&]!. 

Second AmericaOf from the Third Londoi\ Edition. 
Complete in teven handaome crown 8to. voIiimef> extra cloth, or half morocco. 

This has been reprinted from the author's most recent edition, and embraces 
his extensive modifications and additions. It will therefore be ibund eminently 
worthy a continuance of the great favor with which it has hitherto been received. 

Of the solid merit of the work oar judgment may be gathered from what has already 
been said. We will add, that from its infinite faiid of anecdote, and happy variety of 
style, the book addresses iiselfwith equal claims to the mere general reader, as to the 
legal or historical inquirer; and while wo avoid the stereotyped eommonplaee of a£rm- 
ing that bo library can be complete without it^ we feel constrained to afiord it a higher 
tribute by pronouncing it entitled to a distinguished place'oa the shiq^ves of every scholar 
who is fortunate enough to possess it — Fr'azer^s Magazine. 

A vrork wbich will take rts place in our libraries as one of the most brilliant and 
valuable eonlribaitions to the Kterature of the present dB,j.-^Atfu»utum. 

The briHimit success of this work in England is by no means greater than its merits. 
It is certainly the most brilliant contribution to English history made within our recollec- 
tion ; it has tne charm and freedom of Biography combined with the elaborate and care- 
ful comprehensiveness of History .—iV. T.TrUmne. 

B7 !FHB BAMB AXJTHQBr^TO SCATOH. 
LIVES"0F THE 

CHIEF JUSTICES OF ENGLAND, 

From the Norman Gonqvest to the Death ai Linrd Kaiisfleld. 

In two very neat vols., crown 8vo., extra cloth, or half morocco. 
To mauL the ''Lives of tiio CQumoeUora" of tbe came anttune. . 
In this work the author baa displayed the same parent investigation of histo- 
rical facta, depth of research, and quick appreciation of character which have 
rendered his previous voliimes so deservedly popular. Though the " laves of 
the Chancellors" embrace a long line of illustrious personages intimately con- 
nected with the history of England, they leave something still to be filled ijp to 
complete the picture, and it is this that the author has attempted in the present 
work. The vast amount of curious personal details concerninff the eminent 
men whose biographies it contains, the lively sketches of interesting periods 
of history, and the graphic and vivid style of the author, render it a work of 
great attraction ibr the student of history and the general reader. 

Although the period of history embraced by these volumes had been previously tra- 
versed b^ the recent work of the noble and learned author, and a great portion of its 
most exciting incidents, especially those of a constitutional nature, thete narrated, yet 
in "The Lives of the Chief Justices'^ there is a fund both of interesting information and 
valuable matter, which renders the book well worthy of i)erusal by every one who 
dMires to obtain an acquaintance with the constitutional hifitory of his country, or as- 
IV^s to the raiy^ of either a statesman or a lawyer. Few lawyers of J^t^ 0ami»elf s 
emmence could have produced such a work as he has put forth. None but lawyers of 
his experience and acquirements could have compiled a work combining the same in- 
terest as a narration* loth* public generally, with the same amount of practical infor- 
mation for professional aspirants more particularly.— -^ri/annui. 



2 BLANCHARD & LEA»8 PUBUCATION3.— (flw/^ry <}• Biography.) 
WAJJBUHK 'B ANdBNT HI8TOR7^(A new work, now ready.) 

LECTURES ON ANCIENT HIST0R7, 

FROM TBX BAKUB8T TIMBB TO THE TAKING Or ALSZANDRIA B7 OCTAYIANUS, 

COIITAINIRO 

The Dstonr of ttv Asiatic Nstioni, tlie Etypttaii, fimks, laeedoniain, 

and Cartbaginians. 

BY B. G. NIEBUHR. 

TmAMILATEp VRON TBK GERMAN EDITION OF DR. MARCUS NIEBUHR, 

BY DR. LEONHARD SCHMITZ, F. R S. E., 
"VITltlft Ad«Mtl0iiS attd Oorreetlons tfta his oivn MSS. notes. 

In three very handsome ▼olames, crown oetaro, eitra cloth^ containing about 

fifteen hundred pagea^ 

From the TrantlcUor^i Prtfiue, 

** The Lectores on Ancittnt History here presented to the English public, em- 
brace the history of the ancient world, with the exception of that of Rome, 
down to the time when all the other nations and states orclassical antiquity were 
absorbed by the empire of Rome, and when its history became, in point of fact, 
the history of the world. Hence the present coorae of Lectures, together with 
that on the History of Rome, form a complete coarse, embracing the whole of 
ancient history. • • * * We here cntch a glimpse, as it were, of the working 
of the great mind of the Historian, which imparts to his narrative a degree of 
freshness and suggestiTcness that richly compensate for a more calm and sober 
exposition. The extraordinary familiarity of Niebuhr with the literatures of all 
nations, his profound knowledge of all political and human affairs, derired not 
only from books, but from practical life, and his brilliant powers of combina- 
tion, present to us in these Lectures, as in those on Roman history, such an 
abundance of new ideas, startling conceptions and opinions, as are rarely to be 
met with in any other work. They are of the hig||eat impcttanee and interest 
to all who are engaged in the study, not only of antiquity, but of any period in 
the historY of man." 

The value of this work as a book of reference is greatly increased by a very 
extensive Index of abont fiftv closely printed pages, prepared by John'Robson, 
B. A., and containing nearly ten tnousand references ; in addition to which 
each volume has a very complete Table of Contents. 



MEMOIRS OF THE UFE OF WILUAM WIRT. 
BY JOHN P. KBNNBDY. 

iSECOND EDITION, REVISED. 

In two handsome 12mo. volumes, with a Portrait and fac-simile of a letter from 

John Adams. Also, 

▲ HAirnaowK LiaaAaT n>moN, uf two B&A.(TTnruLLT pki^tted octavo volvmss. 

In its present neat and convenient form, the work is eminently fitted to assume the 

position which it merits as a book for every parlor table and for every fireside where 

there is an appreciation of the kindliness and manliness, the intellect and the affeC' 

tion,tbe wit and liveliness wliich rendered William Wirt at once sO Mbinent in the' 

world, so brilliant in soeiety, and so ioving and loved In the retirement of his domestic 

circle. Uniting all these attractions, it cannot fail to find a place in every private aud 

public library, and in all collections of books for the use of schools and colleges; for 

the young can have before them no brighter example of what can be accomplished by 

industry and resolution, than the life of William Wirt, as unconsciously related by 

himself in these volumes. 



HISTORY OF THB PROTESTANT RBFORIATION IR FRARGE. 

BY MRS. MARSH, 

Author of "Two Old Men% Tales," « Emilia Wyndham," Ac. 

In two handsome volumes, royal 12mo., extra cloth. 



BLANCHARD & LEA'S PUBLICATIONS.— (Hwfary <J. Biogra'pltf.) 3 
NEW AND IMPROVED EDITION. 

LIVES OF THE QUEENS OF ENGLAND, 

FROM THE NORMAUr CONCIUEST. 

WITH ANECDOTES OF THEIR COURTS. 

Vow flnt published from Official Beoords, and other Authentic Doonments, Private 
as well as Public. 

ITEW EDITION, WITH ADDITIOITS AND CORRECTIONS. 

BY AGNES STRICKLAND. 

In six Tolames, crown octaro, extra crimBon cloth, or half morocco, printed on 

fine paper and large type. 
Copies of the Ifuodeeimo Edition^ in twelve volumes, may still he had* 

A valuable bomribution to historical knowledg^e, to young persons especially. It con- 
tains a mass of every kind of historical matter of interest, which industry and resource 
could collect. We have derived much entertainment and instruction from the work. — 
AthencRum. 

The execution of this work is eanal to the conception. Great pains have been taken 
10 make it both interesting and valuable. — Literary Gazette 

A charming work— full of interest, at once serious and pleasing.— JIfonjteur Ouizot. 



THE COURT AND REIGN OF FRANCIS THE FIRST, KING OF FRANCE. By 
Miss Pardoe, author of ''Louis XIV." &c. In two very neat volumes, royal 12mo., 
extra cloth. 

WOMAN IN FRANCE IN THE EIGHTEENTH CENTURY. By Julia Kavanagh, 
author of " Nathalie," " Madeline," Ac. In one very neat volume, royal 12mo. 



MEVIOTRS OF AN HUNGARIAN LADY. By Theresa Pulszky. With an Histo- 
rical Introdnctiou, by Count Francis Pulszky. In one vol., royal l2mo., extra cloth. 



MIRABEAU; a Life History. InFour Books. In one neat vol., royal 13mo.,extri cloth 

HISTORY OP TEN YEARS, 1830-1840, OR FRANCE UNDER LOUIS PHILIPPE. 

By Louis Blanc. In two handsome volumes, crown 8vo., extra cloth. 

Perhaps no work ever prodnced a greater or more permanent effect than this. To its 
influence, direct and indirect, may in agreat measure be attributed the movements which 
terminated in the Revolution of February, LS48. 

HISTORY OF THE FRENCH REVOLUnON OF 1789. By Louis Blanc. Inonj 
volume, crown 8vo., extra cloth. 



PROFESSOR RANKE'S HISTORICAL WORKS. 

HISTORY OP THE POPES, THEIR CHURCH AND STATE, IN THE 16TH AND 
ITTH CENTURIES. Complete in one large 8vo volume. 

HISTORY OF THE TURKISH AND SPANISH EMPIRES, IN THE 16TH CEN- 
TURY. AND BEGINNING OF THE 17TU. Complete in one 8vo. volume, paper. 
Price 75 cents. 

HISTORY OF THE REFORMATION IN GERMANY. Parts MI. andlH. Price SI. 



HISTORY OF THE HUGUENOTS. A new Edition, conunued to the Present Time. 
By W. S. Browning. In one Octavo volume, extra cloth. 



HISTORY OP THE JESUITS, from the Foundation of their Society to its Suppres- 
sion by Pope Clement XIV. Their Missions throughout the World ; their Educational 
System and Literature ; with their Revival and Present Slate. By Andrew Steinmetz, 
author of "The Novitiate," "Jesuit in the Family," &c. In two handsome volumes, 
CI own 8vo., extra cloth. 

WRAX ALL'S HISTORICAL MEMOIRS OF HIS OWN TIMES. In one octavo 
volume, extra cloth. 

WRAXALL'S POSTHUMOUS MEMOIRS OF HIS OWN TIMES. In one octa- 
vo volume, extra cloth. 



4 BLANCHARD & LEA'S PUBUCATIONS.— (fiutofy 4- Siografhy.) 

WILLIAM PENN: 

AN HISTORICAL BIOGRAPHY, from new aoareet; with bd extra chapter on 
the « Macaulav Charges." By W. H£PWORTH DIXON, author or«< John 
Howard, and the PriBon World of Europe^" &c. In one very neat volume, 
royal 12bo., extra oloth. 

A» a biofra^y the work haa elaima of no eommon order. Wiihin the eom|»an of a 
single volume Mr. Dixon has compressed a great ▼ariety ot facts, many original, and 
all skilfully arranged so as to produce an autheniie moral portrait of his hero. The lite- 
ranr merits of the ▼olume include great research, and a narrative at once consecutive 
and vivid. The author has had access to a variety of nnpnblislied material- to the let- 
ters of Penn and his immediate family, and to MSS. of memoirs of Mveral persons, 
yielding lights which he wanted. In a word, vire can praise the work atonoe for its 
earnest spirit, iu wealth of recovered material, and the an with which the latter has 
been disposed.— Tlks Atkenaum. 



rai¥ "iirORK BT IiAMARTIHlfi— iVesurly Ready.) 

IWRIIiOIBfl or niiUSTRIOUS EUROPEAN 0HARA0TER8. 

BY ALPHONSE DE LAMARTINB. 

In one handsome volume, royal 13mo. 



ZICPOBTANT NEW WOBE-(Nearly Beady.) 

BISTORT OF NORMANDT AND OF ENGLAND. 

BY SIR FRANCIS PALGRAVE, 
Author of "Rise and Progress of the English Commonwealth,*' Ae. 
In handeome crown octavo. 
Nearly Ready, Vol.1. The General Relations of Medisval Europe; the 
Carloviogian Empire, and the Danish Expeditions in the Gauls, until the esta- 
blishment of Rollo. 

. Vol*. II. and III. are in a state of forward preparation, and will shortly follow. 

«BOBME« WATERLOO. History of the War in France and Belglnm in 1«S, eon'- 
taining Minnie Details, with Maps and Plans, of the Battles of Quatre-Bras, Ligny, 
Wayre, and Waterloo. In one large octavo volume, extra cloth, with 11 Maps. 

WHITE'S ELEMENTS OP UNIVERSAL HISTORY. Edited by J. 8. Hart. In one 
very large volume, royal 12mo., extra doth. 



MEMORANDA OF A RESIDENCE AT THE COURT OF LONDON. By the Hon. 
Richard Rush. In one large 8vo. volume. 



GRAHAME'S UNITED STATES- 
HISTORY OF THE UNITED STATES FROM THE PLANTATION OP THE BRI- 
TISH COLONIt^S TILL THEIR AS:$UMPTION OF INDEPENDENCE Second 
American editioo, enlarged and amended, wiili a Mtjmoir by President Quincy, and 
a Portrait of the Author. In two large octavo volumes, extra cloth. 



HISTORICAL SKETCH OF THE SECOND WAR BETWEEN THE UNITED 
STATES OP AMFJIICA AND GREAT BRITAIN. By Charles J. IngersoU. Vol. 
I., embracing the events of 1812-13 ; Vol. II., the evenis of 1814. Octavo. 

HISTORY OP CONGRESS UNDER THE ADMINISTRATION OF GENERAL 
WASHINGTON. One very large octavo volume. 

SMALL BOOKS ON GREAT SUBJECfS. By a few wvUwishers to knowledge. 
Comprising a Series of Short Treatises on Subjects of Univrrsal Interest. In twelve 
parts, paper, price 15 cents each; or in three neat royal 18mo. volumes, extra cloth. 

MEMOIRS OF THE REIGN OF GEORGE II., from his Accession to the death of 
Queen Oarohne. By Job n Lord Hervey . Eilited, from the original M SS., by the Rght 
Hon. John Wilson Croker. In two handsome royal 12mo. volumes, extra cloth. 

^ff^l'fJL^SM^^^f ?^ T"? ^^'^^ ®P OKORGE IH., now first published 
from the onginal MS. In two handsome octavo volumes, extra oloth. 



Old Curiosity Shop, illustrated, 50 cents. 
Sketches of Everyday Life and Everyday 

People, 37^ cents. 
Pickwick Papers, 50 cents. 
Oliver Twist, 25 cenis. 
iNicliolas Nickleby, 50 cents. 



BLANCHABD & LEA'S PUBLICATIONS.— (FtVrfwn.) b 

DICKENS'S WORKS, various Styles and Prices. 

THE ONLY COMPLETE_AMERICAN EDITIONS. 
CHEIAP BDITION. 

In ten volumes, paper, any volume sold separate, as follows : — 
David Copperfield, with plates, complete, 

price 37| cents. 
Dombey & Son, with plates, 50 cents. 
Christmas Stories and Pictures from Italy, 

37i cents. 
Martin Ghuzzlewit, with plates, 50 cents. 
Barnaby Radge, illustrated, 60 cents. 

Any of these works can be sent by mail, on remittance of their respective prices. 

COLLECTIVE LIBRARY EDITION. 

In four very large ocCavo volumes, extra cloth, containing over three thousand 

very large doable columned pages, handsomely printed. 

Prloe only Five Dollars* 

Volume T. contains Pickwick and Old Cariosity Shop. 

"' I(. *^ Oliver Twist, Sketches, and Barnaby Rudge. 

" III. J' Nickleby, and Martin Ghuzzlewit. 

(( IV. *» Copperfield, Dombey & Son, and Christmas Stories. 

Copies of Volame Four may still be had separate by those who posseat the first 
three volumes of this edition. 

FINE EDinoW. 

la ten handsome volumes, 8vo., black cloth extra, printed on fine paper, and 

profusely illustrated on copper and wood. Each volume contains 

a novel complete, and may be had separate. 



COOPER'S SEA TALES, « vols., ISroo., extra cloth, and OOOPER^S LEATHER- 
STOCKING TALES, 5 vols. Wmo., extra doth. 



DON QUIXOTE DE LA MANCHA. Translated from the Spanish 
of Miguel de Cervantes Saavedra, by Charles Jarvis, Esq. Careful- 
ly revised and corrected, with a Memoir of the Author and a notice 
of his works. With numerous illustrations, by Tony Johannot. In 
two beautifully printed volumes, crown octavo, various bindings. 

FIELDING'S SELECT WORKS. In one larg^e octavo volume, extra cloth, or in four 

parts, paper covers, viz., Tom Jones, 50 cents ; Joseph Andrews, 25 eeutt; Amelia, SS 

cents, -and Jonathan Wild, 05 cents. 
SMOLLETT'S SELECT WORKS. In one lar^e octavo volume, extra cloth, or in five 

parts, irapef covers, viz.: PcTegrine Pickle. 60 cents; Roderick Random, 25 cenu; 

Humphrey Cliaker, 25 cents; Launcelot Greaves, 25 cents, and Ferdinand Count Pa- 

thorn, 25 cents. 

PiCCTOLA, the Prisoner of Fenestrella, or Captivity Captive, By X. B. Saintine, 
New «d<tloii, with iJ lustrations. In one very neat volume, royal 12mo., paper covers, 
p4rice 56 eents, or in extra cloih. 



MRS. HOWITPS CHILDREN'S YEAR. A Popular Juvenile. In square 18mo., with 
four plates, extra cloth. 

WILLIAM HOWl rPS HALL AND HAMLET. Sketches of Rural Life in England 
In one volume, 12mo., price 50 cents. 

READINGS FOR THE YOUNG, from the works of Sir Walter Scott Beautifully 
primed in two large 18mo. volumes, extra crimson cloth, with handsome plates. 

TALES FROM HISTORY. By Agnes Strickland. In one neat volume, roval l8mo. 
crimson cloth, with illustrations. 

1* 



6 BLANCHARD & LEA'S PUBLICATIGSS.— {Voyages and Travels,) 

NABRATIVE OF THE UinTED STATES EXPEDITION 

TO THE 

DBAD 8BA AND RIVER JORDAN. 
BY W. F. LYNCH, U. S. N., 

Coramanderof the Expedition. 

Hew and emideued edttloiii with a Hap, from aetnal Skneyi. 

Id one neat royal l2mo. Tolame, extra cloth. 

Thit is a condensed end cheap, yet very handsome edition of Lient. Lynch's admi- 
rable Narraiive o/lhe Expedition to the Dead Sea. The interest which was excited and 
gratified by the first publication of this work, demanded that it should be placed in a 
form for more (reneral cireulation, and this demand is met in the edition we have before 
u». Of the work itself nothing need be said in its praise, the judgment of the publie 
having confirmed its exoellence. It is a narrative that must have an abiding interest 
for all time, and that library that is without it is imperfect; as is the knowledge im- 

Krftet of the man who, however otherwise versed in the sabieet it treats c^, should 
ignorant of the facts it details. We cannot dismiss the work withont saying that, 
apart from the absorbing interest which belongs to the subject, the author has given it a 
charm in the easy, flowing, and correct style in which the narrative is written, that 
makes the reader reluctant, when ho has taken up the voluniCr to lay it down before it 
is finished, and which will cause him to return to it again and i^ain, with renewed 
interest and pleasure. — Baliimor$ Patriot. 

Gfiptes Wkmy atlll Im luid oCtlie FiB« •dttlemt In one very Inrgfe and 
IbMsdeonae oeta-vo -rolnme* vrltb. tw^enty-elgrbt beautlfal 
Platesy and fvro Maps. 
This book, so long and anxiously expected, fully sustains the hopes of the most san- 
guine and fastidious. It is truly a magnificent work. The type, paper, binding, style, 
and execution are all of the best and highest character, as are also the maps and en- 
gravings. It will do more to elevate the character of our national literature than any 
work that has appeared for years.— X.ady*< Book, 

NOTES FROM NINEVEH, and Travels in Mesopotamia, Assyria, and Syria. 

By the Ait. J. P. Flstohxb. In one neat royal 12mo. volumey extra doth. 
TRAVELS IN SIBERIA, including Excuf siona Northward, down the Obi to the 

Polar Circle, and Southward to the Chinese Frontier. By Adolvh Ebman. 

Translated by Wiluam D. Coolet. In two handsome vols., royal ISmo., ex. el. 
HUNGARY AND TRANSYLVANIA, with Remarks on their Condition, Social, 

MoraJ, and Political. By John Paost, Esq. In two neat volumes, royal 

13mo., extra cloth. 
TURKEY AND ITS DESTINY ; The reauU of Journeys made in 1847 and 184S, 

to examine into the State of that Country. By Charles Macfarlane, Esq., 

Author of" Constantinople in 1828." In two neat vols., royal 12mo., ex. cloth. 
IMPRESSIONS AND EXPERIENCES OF THE WEST INDIES AND NORTH 

AMERICA IN 1849. By Robert Baird, A.M. In one neat volume, royal 

12mo., extra cloth. 
THE WESTERN WORLD; or, Travels in the United States. Exhibiting them 

in their latest Development — Social, Political, and Industrial. Including a 

Chapter on California. By Alexander Mackat, Esq. In two neat volumes, 

royal 12mo., extra doth. - 
SIX MONTHS IN THE GOLD MINES. From a Journal of a Three Years' 

Residence in Upper and Lower California, during 1847, lS48,and 1S49. By E. 

Gould Buffum, Esq. In one neat vol., royal 12mo., paper, 60 cents, or ex. cl. 
NARRATIVE OF THE UNITED STATES EXPLORING EXPEDITION. By 

Charles Wilkes, U. S. N., Commander of the Expedition. In six large 

volumes, imperial quarto. With several hundred illustrations on steel and 

wood, and numerous large maps. Price $60. 
This the same as the editiou printed for Coiigrefss. As but few have been exposed 

for ^ale. those who desire lo possess this magnificent monument of the arts of the 

United States, would do well to secure copies without delay. 
EASTERN LIFE, PRESENT AND PAST. By Harriet Martineau. In 

one large and handsome volume, crown octavo, extra cloth. 



BLANCHARD & LEA'S PUBLICATIONS. -(Jlfwe^awiJMW.) 7 

THE ENG7GL0PJEDIA AMERICANA; 

A POPULAR DICTIONARY OF ARTS, SCIENCES, LITERATURE, HIS- 
TORY, POLITICS, AND BIOGRAPHY. 
In fourteen large octavo ▼olumea of oyer 600 donble-colomned pages each. 
For sale very low, in Tarioue atylea of binding. 

Some years having elapsed since the original thirteen volumes of the ENCY- 
CLOPEDIA AMERICANA were published, to bring it up to the present day, 
with the history of that period, at the request of numerous subscribers, the pub- 
lishers have issued a 

SUPPLEMENTARY VoLUME (THE FOURTEENTH), 

B&INGINO THE WORK THOROUGHLY UP. 

Edited by HENRY VETHAKE, LL. D. 

In one large octavo volume, of over 650 double-columned pages, which may be 

had separately, to complete sets. 



MURRAY'S CNCYCLOPiCDIA OF GEOGRAPHY. 

THE ENCYCLOPAEDIA OF GEOGRAPHY, comprising a Complete Description 
of the Earth, Physical, Statistical, Civil, and Political ; exhibiting its Rela- 
tion to the Heavenly Bodies, its Physical Structure, The Natursl History of 
each Country, and the Industry, Commerce, Political Institutions, and Civil 
and Social State of all Nations. By Hugh Murray, F. R. S. E., &c. Assisted 
in Botany, by Professor Hooker — Zoology, &c., by W. W. Swainson — ^Astrono- 
my, &c., by Professor Wallace — Geology, &c., by Professor Jameson. Re- 
vised, with Additions, by Thomas G. Bradford. The whole brought up, by 
a Supplement, to 1843. In three large octavo volumes various styles of 
binding. 

This great work, furnished at a remarkably cheap rate, contains about NiiwrsKN 
HuNDBXii largb Impxbial Paoks, and is iilnstraled by Eio>aTT*TWosBiAXX Maps, and a 
colored Map of thx UiriTKD States, after Tanner's, together with about Elsvbm Uun- 
DRSJ) WooD-ctrrs executed in the best st> le. 



PHILOSOPHY IN SPORT MADE SCIENCE IN EARNEST. In one hand- 
some volume, royal 18mo , crimson cloth, with numerous tllostrations. 

ENDLESS AMUSEMENT. A Collection of Four Hundred Entertaining Ex- 
periments. In one handsome volnme> roy at l8mo., with illustrations, crimson cloth. 



MOORE'S MELODIES, SPLENDIDLY ILLI7STRATED. 
IRISH MELODIES. By Thomas Moore, Esq. In one magnificent volume, 

imperial quarto, with ten large steel plates, by Finden. Handsomely bound in extra 

eloth, gilt. 
LANGUAGE OF FLOWERS, with illustrative poetry. Eighth edition. In 

one beaattful volume, royal 18mo., crimson cloth, gilt, with colored plates. 
CAMPBELL'S COMPLETE POETICAL WORKS. Ulnstrated Edition. One 

volume crown 8vo., various bindings. 
ROGERS'S POEMS. Illustrated Edition. One volume, royal 8vo., calf gilt. 
KEBLE'S CHRISTIAN YEAR. One vol. 18mo., extra cloth. 
KEBLE'S CHILD'S CHRISTIAN YEAR. One vol. 18mo., cloth. 
POEMS, by Ellis, Currer, and Acton Bell, (Authors of Jane Eyre, &c.) In one 

18rao. volume, boards. 
POEMS, by Lucretia Davidson. One vol. royal 12mo., paper or extra cloth. 
POEMS, by Margaret M. Davidson. One vol. royal 12mo., paper or extra cloth. 
SELECTIONS FROM THE WRITINGS OF MRS. DAVIDSON. One vol. 

ro) al 12mo., paper or extra cloth. 



8 BLANCUARD Sc LEA'S Pl7BLICATIONS.-<8a(»«.) 

UBBART OF ILLUSTRATED SCIENTIFIO WOBKS. 

A aerie* of beaotifolly printed ▼olomea on varioaa branchea of acience, hj the 
most eminent men in their reapective department!. The whole printed in the 
handaomeat atyle, and profuaeljr embellished in the moat efficient manner. 

(T^ No expense haa been or will be apared to render this aeriea worthy of the sapport 
of ihe scientific public, while at the same time it is one of the handsomest Bpecim,eitf of 
typographical and artiatic execatlon which have appeared in this coontry. 

DB I* A BECHS'S GBOIiOOT- (Just laaued.) 

THE GEOLOGICAL OBSERVER. 

BY Sm HENRY T. DE LA BECHE, C.B., F.R.S., 

Director-General of the Geological Survey ofGreat Britain, ftc. 

In one very large and handsome octavo volume. 

WITH OTER THREE HUNDRED WOOD-OUTS. 

We have here presented to os, by one admirably qaalified Tor the task, the most com- 
plete compendium of the science of geology ever produced, in which the different faets 
which fall under the cognizance of this branch of natural science are arraneed under 
the different causes by which they are produced. From the style in which the subject 
is treated, the work is calculated not only for the use of the professional geologist but 
for that of the nniniliated reader, who will find in it mneh carious and interesting infor- 
mation on the changes which the surface of our globe has undergone, and the history of 
ttie various striking appearances which it presents Voluminous as the work is, u is 
not rendered unreadable from its bulk, owing to the judicious subdivision of its contents, 
and the copious index which is appended. — John Bull. 

Having had such abundant opportunities, no one could be found so capable of direct- 
ing the labors of the young geologist, or to aid by his own experience the atudi«*8 of those 
Who may not have been able to range so extensively over the earth's surface. We 
strongly recommend Sir Henry De la Beche's book to those who desire to know what 
has been done, and to learn something of the wide examination which yet Uea waiting 
for the indasuious observer.— TAs Atkenaum. 



KNAPP'S CHEMICAL TECHNOLOGY. 

TECHNOLOGY; or, Chemist&y Applied to the Arts and to MArnxFACTuaEs. 
By Dk. F. Knapp, Professor at the University of Giessen. Edited, with nu- 
merous Notes and Additions, by Dr. Edmund Ronalds, and Dr. Thomas 
Richardson. First American Edition, with Notes and Additions by Prof. 
Walter R. Johnson. In two handsome octavo volumes, printed and illus- 
trated in the highest style of art, with about 500 wood engravings. 

The style of excellence in which the first volume was got up is fully preserved in this. 
The treatises themselves are admirable, and the editing, both by the English and Ameri- 
can editors, judicious; so that the work maintains itself as the best of the series to which 
itbelonj^s, and worthy the attention of all interested in the aits of which it treats. — 
FrofUdtn Instituu Jtmmal. 



WEISBACH'S MECHANICS. 

PRINCIPLES OF THE MFXHANICS OF MACHINERY AND ENGINEER- 
ING. By Professor Julius Weisbach. Translated and Edited by Prof. 

f Gordon, of Glasgow. First American Edition, with Additions by Prof. Wal- 
ter R. Johnson. In two octavo volumes, beautifully printed, with 900 illua- 
trationa on wood. 

The most valuable contribution to practical science that has yet appeared in this 
country. — AthenrBum, 

Unequalled by anything of the kind yet produced in this country— the most standard 
book on mechanics, machinery, and engineering now extant.— iV. Y. CommereiaL 
^uT^t^^ ^*^ vvorihy of being recommeuded to our x^fiAutt — FrcntkliH InstUuU 



ELANCHARD & LEA'S PUBLICATIONS.— (S«w«.) 9 

ILZVSTB^TXn aCJJBJV^IJPfC ZMBM^Mir-iCimUnu^i.) 

OABFEirrEB'S OOMPABATI^ FHYSIOLOGYHJnst iMiied.) 

PRINCIPLfiS OF GENERAL ANcTcOMPARATIYE PHYSIOLOGY; in- 
tended as an Introduction to the Study of Human Physiology, and as a Guide 
to the Philosophical Pursuit of Natural History. By William B. Carpenter, 
M. D., F. R. S., author of « Human Physiology," " Vegetable Physiology,»» 
&c. &c. Third improved and enlarged edition. In one very large and hand- 
tome octavo volnme, with several hundred beautiflil illustrations. 



MULLER'S^PHYSICS. 

PRINCIPLES OF PHYSICS AND METEOROLOGY. By Propbssor J.Mitl- 
LBR, M. D. Edited, with Additions, by R. Eolesfslo Griffith, M. D. In 
one large and handsome octavo volume, with 550 wood-cuts and two colored 
plates. 

The style in which the volume is published is in the highest degree creditable to the 
enterprise of the pubiishers. It contains nearly four hundred engravings executed in 
a style of extraorainary elegance. We commend the book to general favor. 11 is the 
best of its kind we have ever seen. — N, Y. Coutur and Snquirtr. 



MOKS, RBDWOOD, AND FROOTBR'S FHABMAOY. 

PRACTICAL PHARMACY: Comprising the Arrangements, Apparatus, and 
Manipulations of the Pharmaceutical Shop and Laboratory. Bv' Francis 
MoHR, Ph. D., Assessor Pharmacia of the Royal Prussian College of Medicine, 
CoblenU; and Theofhilus Redwood, Professor of Pharmacy in the Pharma- 
ceutical Society of Great Britain. Edited, with extensive Additions, by Prof. 
WxLLiAX Procter, of the Philadelphia College of Pharmacy. In one hand- 
somely printed octavo volume, of 670 pages, with over 500 engravings or 
wood. 



TSB MILLWSiaHT^S aUIDE. 
THE MILLWRIGHT'S AND MILLER'S GUIDE. By Oliver Evaks. Eleventh Edi- 
tion. With Additions and Corrections by the Professor of Mechanics in the Franklin 
I nsiitaie, and a descrtpiion of an impioved Merchant Flour Mill. By C. and O. Evans, 
la one octavo volome, with numerous engravings. 

HUMAN HEALTH ; or, the Influence of Afmospbere and Locality, Change of Air and 
Climate, Seasons, Food, Clotbtng, BathiflfTi Mineral Spring Exercise. Sleep, Corporeal 
and Mental Parsails, k>e. ke^ on Healthy Man, oousututing EieihenU of Hygiene. 
By Robley Dunglison, M. D. In one octavo volume. 

THE ANCIENT WORLD; OR, PICTURESQUE SKETCHES OF CREATION. By 
D. T. Ansted, author of ^* Elements of Geology," &c. In oue neat volume, royal ISmo , 
with numerous illustrations. 

A NEW THEORY OF LIFE. By 8. T. Coleridge. Now first published from the 
original MS. In one small 12mo. volume, cloth. 

ZOOLOGICAL RECREATIONS. By W. T. Broderip, F. R. S. From the second 
London edition. One volame, royal ISmo., extra cloth. 

AN INTRODUCTION TO ENTOMOLOGY; or, Elements of the Natural Hisioryof 
Insects. By the Rev. Wm. Kirby, and Wm. Spence, F. R. S. From the sixth London 
edition. In one large octavo volume, with plates, plain or colored. 

THE RACES OF MEN } a Fragment. By John Knox. In one royal 12mo. volume, 

extra cloth. 
AMERICAN ORNITHOLOGY. By Charles Bonaparte. Prince of Canlno. In four folio 

volumes, half bound, with numerous magnificent colored plates. 

LECTURES ON THE PHYSICAL PHENOMENA OF "VINO BEINOa^y 
Carlo Matteueei. Ediled by Jonathan l*ereira,M.D. la one royal 12nio. volume, 
extra cloth, with illustrations. 



10 BLANCHARD & LEA'S PUBLICATIONS.— (S«>ace.) 

OHAHAM8 OHBMISTRT, NEW EDITION. Part I.-(Now Beadf.) 

ELEMENTS OF~ CHEMISTRY; 

INCLUDINO THE APPLICATIONS OF THB SCIENCE IN THE ARTS. 

BY THOMAS GRAHAM, F. R. S., &c., 

Professor of Chemistry in University College, Loudon, &c. 
Saoond Axnarican, from an entirely ReyUed and greatly Enlarged English Edition. 

WITH NUMEROUS WOOD ENGRAVINGS. 

EoiTVD, WITH N0TS8, BT ROBERT BRIDGES, M. D., 
Profeaeor of Chemistry in the Philadelphia College of Pharmacy, &c. 

To be compljBted in Two Parts, forming one Tery large octavo volume. 
PART I, now ready, of 430 large pages, with 186 engravings. 
PART II, preparing for early publication. 

From the Editor^s Preface, 

The << Elements of Chemistry," of which a second edition is now presented, 
attained, on its first appearance, an immediate and deserved repatation. The 
copious selection of facts from all reliable sources, and their judicious arrange- 
ment, render it a safe guide for the beginner, while the clear exposition of the* 
oretical points, and frequent references to special treatises, make it a valuable 
assistant for the more advanced student. 

From this high character the present edition will in no way detract. The 
great changes which the science of Chemistry has undergone during the interval 
have rendered necessary a complete revision of the work, and this has been 
most thoroughly accomplished by the author. Many portions will therefore be 
found essentially altered, thereby increasing greatly the size of the work, while 
the series of illustrations has been entirely changed in style, and nearly doubled 
in number. 

Under these circumstances but little has been left Ibr the editor. Owing, 
however, to the appearance of the London edition in parts, some years have 
elapsed since the first portions were published, and he has therefore found oc 
casion to introduce the riiore recent investigations and discoveries in some sub- 
jects, as well as to correct soeh inaccuracies or misprints as had escaped the 
author's attention, and to make a few additional references. 



INTRODUCTION TO PRACTICAL CHEMISTRY, including Analysis. By 

John E Bowman, M. D. In one neat royal 19mo. volume, extra oloth, with nomer- 

ons illustrations. ^ 

DANA ON OORALS. 
ZOOPHYTES AND CORALS. By James D. Dana. In one volume imperial 

quarto, extra cloth, with woodcuts. 
Also, an Atlas to the above, one volume imperial folio, with sixty-one magnificent 

plates, colored after nature. Bound in half morocco. 

These splendid volumes form a portion of the publications of the United States Explor- 
ing Expedition. As but very few copies have been prepared for sale, and as these 
are nearly exhausted, all who are desirous of enriching their libraries with this, the most 
creditable specimen of American Art and Science as yet issued, will do well to procure 
copies at once. 

THE ETHNOGRAPHY AND PHILOLOGY OF THE UNITED STATES EXl 
PLORING EXPEDITION. By Horatio Hate. lo oue large imperial quarto volume, 
beautifully printed, and strongly bound in extra cloth. 

BARON HUMBOLDT'S LAST WORK. 
ASPECTS OP NATURE IN DIFFERENT LANDS AND DIFFERENT 

CLIMATES. With Scientific Elucidations. Bf Alexander Von Humboldt. Trans- 
lated by Mrs. Sabine. Second American edition. lu one handsome volume, iarae 
royal 12mo., extra cloth. 

CH|:MI8TRY of the four seasons, SrmiHO, SoiinR, Aimrmr, and 
^rnSi.e«Lum.""lio«®'''- ^ """ '"""^™ "o""""' "y" IS-o.exlr. cloth, 



BLANCHARD & LEA'S VVBJACATlOl^S,— {Educational Works.) U 
A KEW TEZT-BOOE ON NAT0RAL PHILOSOPHY. 

HANDBOOKS 

OF NATURAL PHILOSOPHY AND ASTRONOMY. 

BY DIONYSIUS LARDNER, LL.D,, ETC. 

FIRST COURSSSy oontalnlng 

HeekaBies, Hydrostatics, Hydraulics, Pnenmaties, Soilnd, and Opties. 

In one large royal 12mo. volume of 750 pages, strongly bound in leather, with 
oyer 400 wood-cuts, (Just Issued.) 

THB SBOOND COURSB, embracing 

HEAT, MAGNETISM, ElECTRICITY, AND GALVANISM, 

Of about 400 pages, and illustrated with 250 cuts, is just ready. 

THB THIRD OOURSS, coniitttntliis 
A COMPLETE TREATISE ON ASTRONOMY 

THOROUGHLY ILLUSTRATED, IS IN FREPARATIOIT TOR SliEEDT PUBLICATIOIT. 

The intention of the author has been to prepare a work which should embrace the 
principles of Natural Philosophy, in their latest state of.scieniific development, divested 
of the fibstruaeness which renders them unfitted for the younger student, and at the same 
time illustrated by numerous practical applications in every branch of art and science. 
Dr. Lardner's extensive acquirements in all departments of human knowledge, and bis 
well known skill in popularizing his subject; have thus enabled him to present a text- 
book which; though strictly scientific in its groundwork, is yet easily mastered by the 
student, while calculated to interest the mind, and awaken the attention by showing the' 
importance of the principles discussed, and the manner in which they may be made 
subservient to the practical pur[>08e8 of life. To accomplish this still further, the editor 
has added to each section a series of examples, to be worked out by the learner, thus 
impressing upon him the practical importance and variety of the results to be obtained 
from the general laws of nature. The subject is still farther simplified by the very large 
number oi illustrative wood-cuts which are scattered throu^ the volume, making plain 
to the eye what might not readily be grasped by the unassisted mind ; and every care 
has been taken to renderthfc typographical accuracy of the work what \i should be. 

Althongh the first portion only has been issued, and that but for a few months, yet it 
has already been adopted by many academies and colleges of the highest standing and 
character. A few of the numerous recommendations with which the work has been 
favored are subjoined. 

From Trof. MUlington, Univ. of Mississippi, April 10, 18S2. 
I am bi|(h1y pleased with its contents and arrangement. It eontains a greater number 
of every day useful practical facts and examples than I have ever seen noticed in a 
similar work, and I do not hesitate to say that as a book for teaching I prefer it to any 
other of the same size and extent that I am acquainted with. During the thirteen years 
that I was at William and Mary College J had to teach Natural Philosophy, and I should 
h'ave been very glad to have such a text-book. 

From Edmund Smith, Baltimore, May 19, 1652. 
I have a class using it, and think it the best- book of the kind with which I am ac- 
quainted. 

From Prof. Cleveland, Phiktdelphia, October 17, 1861. 
• I feel prepared to say that it is the fullest and most valuable manual upon the subject 
that has fallen under my notice, and I intend to make it the text-book for the first class 
in my school. 

From 8. Schooler, Hanover Academy, Va.. 
The " Handbooks'^ seem to me the best popular treatises on their respective subjects 
with w&iehl ant Acquainted. Dr. Lardner certainly popularizes science very well, and 
a good tej^book for schools and colleges was not before in existence. 

From Prqf, J. 8. Henderson, Farmer's College, O ,, Feb. 16, 1852. 
It is an admirable work, and well worthy of public patronage. For clearness, and 
fulness it is unequalled by any that I have seen. 



12 BLANCIIARD & LEA»S PUBLICATIONS.— (^rfiwaftVmo/ WorJhs.) 
NBW AND IMPROVED HDITIOIC— (Now Ready.) 

OUTLINES OF^ASTRONOMT. 

BY SIR JOHN F. W. HERSCHEL, F. R. S., &c. 

A NBW AKEKICAir FROM THE rOUKTH LOVDOIT EDITION. 

Ib obo very neat crown octtTO Tolame, extra cloth, with six plates and nu-. 
merona wood*eiits^ 

This edition will be foand tlioronghly brosfht op to the present atate of a«- 
trooomical icience, with the most recent inveatigationt and discoyeries fully 
di acnu ed and explained. 

Wo now uke leaye of this remarkable work, which we hold to be, beyond a donbt, 
the greatest and most remarkable of the works in which' the lawi of astronomy and the 
appearance of the heaveni are described to those who are not mathematicians nor ob- 
serrers, and recalled to those who are. It is the reward of men who can descend from 
the advancement of knowledge to care for its diflusion, that their works are essential 
to all, that they become the saannalsof the proficient as well as the text^books of the 
learner.— ilM«iuB«m. 

There is perhaps no book in the Bnglish laniroage en the sobject, which, whilst it con- 
tains so maoy of the facts of Astionemy (which it aiiempts to explain with as Utile tech- 
nical language as possible), is so attractive in its style, and so clear and forcible in iu 
illustralions.— .BtMHifAMee^ JUvitw. 

Probably no book ever written upon any science, embraces within so small a compass 
an entire epitome of everything known within all its various departonents, pracucal, 
theoretical, and physical.— .fixamtnsr. 



A TREATISE ON A8TRONOMT. 

BT SIR JOHN F. W. HERSCHEL. Edited by S. C. Walker. In one 12mo. 
volume, half bound, with plates and wood-cuts. 



A TREATISE ON OPTICS. 

BY SIR DAVID BREWSTER, LL.D., F.R.S., &c. 
A NEW EDITION. 

WITH AK APPEITDIX, CORTAIirnrG AIT ELEKEIITART VIEW OF THE AFPLICATION 
or AVALTSIS TO REFLECTION AND REFRACTIOir. 

BY A. p. BACHE, Superintendent U. S. Coast Survey, &c 
In one neat dnodecime volume, half bound, with ahont 200 Ulustrations. 



BOUNLAR'S FBENCH SERIES. 

New editions of the following works, by A. Bolm ar, foriping, in connection 

with « Bolmar's Levizac," a complete series for the acquisition of the French 

language : — 

A SELECTION OF ONE HUNDRED PERRIN>S FABLES, accompanied by 
a Key, containing the text, a literal and free translation, arranged in such a manner as 
to point out the difference beiwesn the French and English ididm, fte. In one vol. 12mo. 

A COLLECTION OF COLLOQUIAL PHRASES, on every topic necessary to 
maintain eonversaiioa. Arranged under diffbrent heads, with numerous remarks en 
the peculiar pronunciation and uses of various words ; the whole so disposed as con- 
siderably to facilitate the acquisition of a oorrect pronunciation of the French. In 
one vol. 18mo. 

LES AVENTURES DE TELEMAQUE, PAR FENELON, in one vol. 12mo., 
accompanied by a Key to the first eight books. In one voi. 13mD., containing, like the 
EhheVVilSme^ofd^^^^^^^^ ^'^^ translauon, intended as a sequel to the Fables. 

ALL THE FRENCH VERBS, both regular and irregular, in a small volume. 



ELEMENTS OF m^FML PHILOSOPHY; 

BEm© 

AN EXPERIMENTAL INTRODUCTION TO THE PHYSICAL SCIENCES. 

lUnstratecl 'witli over Tl&ree Handred IVood-oiits. 

BY GOLDING BIBD, M.D„ 

Attistant FhyBician to Guy's Hospital. 

From the Third London edition. In one neat volume, royal I2mo. 

We are aatonished to find that there is room in so small a book for even the bare 
recital of so many sabjeets. Where every tbinj; is treated succinctly, great judgment 
^idmach time are needed in making a selecuon and winnowing tbe wheat from the 
chaff. Dr. Bird ba» no need to plead the peculiarity of his position as a shield against 
criticism, so long as his hook continues to be the best epitome In the English lan- 
gaage of this wide range of physical subjects.r^iVor(A American Meview, April 1, 1851. 

From Prof. John John$tdn, Wesley an Univ.) Middletown^ Ct. 
For those desiring as extensive a work, I think it decidedly superior to anything of 
the kind with whten I am acquainted. 

From Prqf. R. O. Currey^ East Tennessee University, 
lammueh gralified in perusing a work which so well, ro fully, and so clearly sets 
forth this branch of the Natural Sciences. For some time I have been desirous of ob*- 
laiaing a substitute for tbe one now used— one which should embrace the recent dis- 
coveries in the sciences, and I can truly say that such a one is afforded in this work of 
Dr. Bird's. 

From Prof. W. F. Hopkins^ Masonic Untvertity^ Tenn. 
Tt is just the sort of book I think needed in most colleges, being far above the rank of 
R mere popular work, and yet not beyond the comprehension of all but the most accom- 
plished mathematicians. 



ELEMENTARY CHEMrSTRY; 

THEORETICAL AND PRACTICAL. 
•BY GEORGE FOWNES, Ph.D., 

Chemical Lecturer in the Middlesex Hospital Medical School, &c. &c. 

WITH KUMEEOtJS ILLU8TBATI0NS. 

Third American, from a late London «dition. Edited, with Additions, 

BY ROBERT BRIDGES, M. D., 

Professor of General and Pharmaceutical Chemistry in the Philadelphia 
College of Pharmacy, &:c. &:e. 

In one large royal l^Sroo. VQlunie^ of over five hundred pages, with about 180 
- wooAd-ctttSjefaeep or eitra cloth. 

The work of Dr. Fowaes haa long been befora the pablic,^ and its merits, have been 
fully appreciated .a» the best textbook on Chemistry now in existence. We do not, of 
course, place it in a rank superior to the works of Brande, Graham, Turner, Gregory, 
or Gmehn, but we say that, a0. a work for students, it is preferaMelo any of them.— Lon- 
don Journal qf Medicine. 

We know of no treatise so well calculated to aid the student in becoming familiar 
with the nomeious facta in. the science on which it treats, or one. better calculated as 
a text-book for those atteiKling Chemical Lectures. ♦ • • * The best text-book on Che- 
mistry that has issued from bur preM.— American Med: Journal. 

We know of none within the same limits, which has higher claims to our confidence 
as a college class-book, both for accuracy Of detailand scientific arrangement.— iiu- 
gusta Med. Journal. 



SI.EMBNTS OF PHYSICS. 

OR, NATURAL PHILOSOPHY, GENERAL AND MBWCAL. Written for uni- 
versal use, in plain, or non-technical language. By Nsill Arnott, M. D. In one 
octavo volume, with about two hundred illustrations. 
2 



16 BLANCHARD 9t LEA'S PUBLICATIONS.— (Fi/«i)af»i»na/ WbrJts.) 
SCBWTZ AffD ZVMPT^S CLASSICAL SEitlES^CimHnnd. 

ELEMENTARY GRAMMAR AND EXERCISES. BtDs. Lxoithasd Scskitz^ 
F. R. S. £., Rector of the High School, Edinburgh, &c. In one handsome 
royal l8mo. Tolame of 246 pages, extra cloth, price 60 cents. (Jast lisoed.) 

PAEPARfl^Q FOR 8PEEOY PUfll^f CATION^ 

LATIN READING AND EXERCISE BOOK, I vol., jrojal 18mo. 
▲ SCHOOL CLASSICAL DICTIONARY, 1 ▼oh, roy»l tSno. 
CORNELIUS NEF08, with Introdoctloii, Notes, ate., 1 ▼ol<, royal I8ai»« 

It will tbm be eeen tliat this series is new vwy nearly coBiplete, enbraoin^ 
eight promioent Latin aetlN»rs, and reqeinng bat two more eleaeatary worlca 
to render it sefieient Id itself for a th^rongh coarse of stndy, and these latter 
are now preparing for early publioatien. Doriag the siieeessire appearanee of 
die Tolamea, the- plan and exeootion of the wbole haTe been received witb 
aoarlied approbation, and the faet that it soppliea a want not hitherto provided 
for, is evieeed by the adoption of these> works in e very large nnmber of the 
best academies and seminariee tbrooghoot the country. From among several 
hundred testimonial* with which they have been favored, and which they are 
every day receiving, the publishers submit a Aw of the more recent. 

Bat vre cannot Ibrbear commending espeeiallr beth to instructors and papilt the 
whole of the aeries, edited by those aooompUfthed scholars, Drs. Schmiu and Zumpt. 
Here will be found a set of text-books that combirte the ercelFeneee so long desired 
in this elass of works. They will not cost (be atadent) by one half at least, that wbieh 
he must expend for some other editions. And who will not say that this is a consider- 
ation worthy of atteniiort ? For the cheaper our school-books can be made, the more 
widely will they be circulated and need. Here yott will find) too, no useless display of 
notes and of learning, but in /oot- notes on each page you have everything necessary to 
the understanding of the text The diftenU points are sometimes elucidated, and oilen 
is the student referred to the places where he can find light, but not without some eflbrt 
of his own. We think that the punctuation in these books might be improved; but 
taken as a whole, they come nearer to the wanu of the times than any wiihinoor know* 
ledge. — Southern ColUg$ Beoitw. 

Ffom W, X Jlsj^ Wfnika$n, iVtot ., Mexteh VH, ISSSL . 
They seem to me the but and the eAcapsitf school editions of the classics that I have 

gst seen. The notes are all that a teacher could, and all that a student should desire, 
n classical history and antiquities I think them parlicslarly rich, and the maps add 
very moeh to the merit ef the books. Kaliachmid^ Dkctimmry I adopted as n matter 
of course. It is so much superior to all the other school dictionaries that no one who 
has examined it can hesitate to recommend it% 

From Prqf. R^ N. Newelly Wasonie College^ Tenn., June 2, 1853. 
I can give yon nd better proof of the value which I set on them than by makiirguse 
of them in mjr own classes, and recommending their use in the preparatory departmen: 
of our institution. 1 have read them through carefully that I might not speak of them 
without due examination, and I flatter myself that my opinion is fully borne out by fact, 
when I pronounce them to be the most useful and the most correct as well as the cheap- 
est editions of Latin Classics ever introduced in this country'. The Latin and English 
Dictionsry contains as mneh as the student! can wnnt in the earlier years of bta course; 
it contains more tlwn I have ever saen compressed into a book of this kind. It ought to 
be the student's constant companion in his recitations. It has the extraordinary recom- 
mendation of being at onee portable and comprehensive^ 

From Prof. D. Duncan, Randolph Maeon College, Ta., May 29, 1892. 
It is unnecessary for me to say anything respecting the text of Schmitz and Zumpt^s 
series. The very names of the editors are a sufficient gunrantee of their purity. The 
beauty of the typography, and the jodieions seleotfon of notes will insure their use by 
every experienced teacher, whilst their cheapness and convenient size will be a sure 
reosKmendation to every parent. 1 think, gentlemen that by the republication of this 
excellent series you have laid the public under strong obligations to you. We will use 
them as far as they come into our course, and I will recommend them to our numerous 
preparatory schools. Frona the merits above mentioned, they are deslinedjn my opinion, 
-^persedemostof theediuonsnowiunse.inoursohools. > / f » 



BLANGHARD & LEA^S POBLICATIONS.— (^^amft'dnftMFbf^*.) 17 
SCHMTTZ AND ZUMPT-'S CLASSICAL SERIES^CorUinued. 

From the Rev. L. Van BokkOm, Pnneipal qf St. Timothy's HaU, Md., Feb. 18, 1852. 
Since you commenced the series I have invariably adopted the different works in pre- 
ference to ail others, and I nowiise them all, with the exception of '^Q. Cunias." 

JSrom m F. lCy»ffsy Nnv Ijondm Amd«my,Fe\>. U, 1950. 
I have usedao other editions bat yours since they made their first appearance, and 
shafi certainlT contintie to do so: 

Among: the various udilions of the I*alln Glassies, Sehmit* atid 'Z'umpt's serieit, go far 
•i yet pvhlished, aro at all times preferred, and students ar» requested to< proton* ao 
other.— ilfMtoMnoMRSfti o/Betkmny CoUege, 7a. 



Unifonnwith SCHHITZ AND ZVMFr^ClASSICAI SEBIES.—CITov Beady.) 
THE CLASSICAL MANXXAL; 

AN BPITOMB OF ANCIENT GEOGRAPHY, GRBBK AND ROMAN 

MYTHOLOGT, ANTIQUITIES, AND CHRONOLOGY. 

CHIEFLY INTENDED FOR THE USE OF SCHOOi.S.. 

BY JAMES S. S, BAIRD, T. C. D., 

Assistant Classical Master, King's School, Gloucester. 

In one neat volamey royal ISmo.y extra (doth ^ price Piily^ •cents.. 

This little volume has been prepared to meet the recognized want of nn Epi- 
tome which, within the compass of a single small volume, should contain the 
information requisite to elucidate the Greek and Roman authors most com-: 
monly read in our schools. The aim of the author has been to embody in it 
mieh details as ar& important or necessary for the junior student, in. a form and 
space capable of rendering them easily mastered and retained, and he has con<^ 
sequently not incumbered it with a mass of learning which, though highly 
valuable to the advanced student, is merely perplexing to the beginner. In the 
amount of information presented, and the manner in which it is conveyed, as 
well as its convenient size and exceedingly low price, it u therefore admirably 
adapted for the younger classes of our numerous classical schools. 

From Mt.B. F. Slem, Frederiekshurg^ Va., July 30, 1858. 
The Classical Manual I have perused with delight, and shall at once introduce in my 
school. It is a book that has long been needed, and I know of none where so much 
varied matter can be found in so small a space. 

[From Mr. C. Hammond^ Mottson, Mas€.y Aug. 6, 185:3. 
I shall introduce it into my school at once. It is just what we have needed for a long, 
long time. 

From Prof. Trimble, Kinyon College, O., Aug. 30, 1852. 
It must recommend itself to the teachers in all the classical institutions within the 
Union, not only on account of its cheapnesi*, but also for its excellent arrangement; and 
it will be a sine qua non compendious class-book for every student wishing to eater 
our colleges. 

From Mr. J. H. Nourse, Washington, Aug. 17, 1852. 
I shall reqnirs eiwry clansical student tt> possess a coipy of " Baird's Bfiamtal.^' 

From Mr. W. W. Clarke, Oouvemeur Wes. Sem., N. Y., Aug. 17, lSfl9. 
I admire it very much for the large amount of classical information so concisely and 
clearly set foilii. It is just the thing for students in their early studies, and has long been 
a desideratum. 

From Mr. W. S. Bogart, Tallahassee, Fl, Aug. 7, 1852. 
It contains a vast amount of gec^aphicat and classical information in a raostcop'*''"' 
eompasB, which adapts it equally to the pupil and the advanced siudeul wlio.wr 
review his classical knowledge. 



18 BLANCHARD & LEA'S VUBlACAT10NS,'^EdueaHofua WttrJts,) 

A HISTORY OF QREEK CUSSICAL LITERATURE. 

BY THE REV. R. W. BROWNE, M. A., 

PioTttMor of Clawioal JLiteraiare in King>« Collego, Uoadon. 

In oae i%Ty OMt volume, crown 8vo«y extra cloth. 

To be shortly followed by a slnillar volume on Roman Iiiteratnre. 

From Pr^tfi J. A. Sptneer, Nn9 Vork, BCarch 10, laSO. 
It is an admirable ▼olnme, floffieiontly full and copious in detail, clear and precise in 
style, very scholar-like in its execution, genial in its critieism, and alti^ther display* 
ing a mind well stored with Ihe learning, genius, wisdom, and exquisite taste of the 
ancient Greeks. It is in advance of eyeryihing we have, and it may be considered 
indispeasable to the classical scholar and student. 

Frwn Prqf. N. H. Oriffin, Williams College, Mass., March SS, 1852. 
A valn^bTe compend, embracing in a small conumss matter which the student would 
have to go ever mooA ground lo gather for htmscJC 

From Prqf, 31, F. Hyd; Surlinflon ColUgs, N. J., Feb. 10, 1852. 
This book meets a want that has long been felt of some single work on the subject 
presenting to the student and general reader, in a popular form, information widely dis- 

Sersed ihrongb a great variety of publications, and nowhere combined into one whole. 
Ir. Brcwne^s selaclion of materials is judiciously made, and presented in a perspicu- 
ous, elegant, and agreeable manner. 

JVooi Prqf. Gessner Harrisofij University of Fa,, Feb. 23, 16S2. 

I am very favorably impressed with the work from what I have seen of it, and hope 

to find in It an Mnportaat help (or my class of histtiry . Such a woric is very siach needed . 

In this field, following the successful assiduity of others, Mr. Browne enters with the 
relish of an amateur and the skill of a connoisseur, profiting by the labors of his prede- 
cessors, and bringing the tested results into the compass of a most valuable book ; one 
very much to our taste, giving a satisfhctory account of the language, the authors, the 
Works which, while Greece herself has passed away, reiuler her name immortal. The 
history is divided into two periods ; the first extends from the infancy of Us literature to 
the time of the Pisistratidae } the other commences with ^imonides, and ends witli Aris- 
totle. We commend our author lo the favorable regard of professors and teachers.^ 
Methodist (Quarterly Review, South. 

Mr Browne's present publication has grepit merit. His selection of materials is judi- 
ciously adapted to the purpose of conveying within a moderate compass some definite 
idea of the leading chayoteristics of the great classical authors and their works. • * • • 
Mr. Browne has the happy art of conveying information in a most agreeable manner. 
It is impossible to miss his meaning, or be insensible to the charms of his polished style. 
Suffice it to say, that he has, in a very readable volume, presented much that is useful to 
the classical reader. Besides biographical informalion in reference to all the classical 
Greek authors, he has furnished critical remarks on their intellecmal peculiarities, and 
an analysis of their works when they are of sufficient importance to deserve it.— Xondois 
AthentBum. 

This book will be of great value lo Uic student.-~J5?zafninsr. 



GEOGRAPHIA CLASSICA: 

OR, THE APPLICATION OF ANCIENT GEOGRAPHY TO THE CLASSICS. 
By Samuel Butler, D. D., late Lord Bishop of Litchfield. Revised by his Son. Sixth 
American, from the last London Edition, with Questions on the Maps, by John F&osr, 
LL. D. In one neat volume, royal 12mo., half bound. 



AN ATLAS OF ANCIENT GEOGRAPHY. 

By Samuel Butler, D. B., late Lord Bishop of Litchfield. In one octavo volume, half 
bound, containing twenty •one quarto colored Maps, and an accentuated Index. 



ELEMENTS OF UNIVERSAL HISTORY. 

>n a new plan ; from the Creation of the World to the Congress of Vienna, with a 
Summary of the Leading Events since thai time. By H Whit*. Edited, wiUl a 
Series of Questions, by John S. Haut, Principal of the Philadelphia High School, 
one very large royal isimo. volume, half bound. 



BLANOHARD & LEA'S PUBLICATIONS.— (£*«««i(i»<»/ Wori».) 19 
miW AITD IMPROVED in}ITI01T—(lTow Beady.) 

OUTLINES OF ENGLISH LITERATURE. 

BY THOMAS B. SHAW. 

Fro^sor of JSnglish Liierature in the Imperial Alexander Lyceunoj St. Petersburg. 

lECOND AMBBICAF XDITION. 

WITH A SKETCH OF AMERICAN LITERATURE. 

BY HXNRY T. TUCKERMAN, 
Author of " Characteristics of Literature,'^ *' The Opiimist," &c. 

In one lai^e and handsome Tolame, royal 12mo., extra cloth, of about 500 pagfes. 

The object of this work is to present to the student a history of the progress 
of English Literature. To accomplish this, the author has followed its course 
from the earliest times to the present age, seizing upon the more prominent 
<< Schools of Writing,*' tracing their causes and effects, and selecting the more 
celebrated authors as subjects for brief biographical and critical sketches, ana- 
lyiing their best works, and thus presenting to the student a definite view of the 
deyelopment of the language and literature, with succinct descriptions of those 
books and men of which no educated person should be ignorant. He has thus 
not only supplied the acknowledged want of a manual on this subject, but by 
the liveliness and power of hi« style, the thorongh knowledge be displays of his 
topic, and the yariety of his subjects, he has succeeded in producing a most 
agreeable readtng^book, which will captivate the mind of the scholar, and re- 
lieve the monotony of drier studies. 

This work having attracted much attention, and been introduced into a large 
number of our best academies and colleges, the publishers, in answering the call 
for a new edition, have endeavored to render it still more appropriate for the 
student of this country, by adding to it a sketch of American literature. This 
has been prepared by Mr. Tuokerman, on the plan adopted by Mr. Shaw, and 
the volume is again presented with full confidence that it will be found of great 
Qtillty as a text-book, wherever this subject forms part of the edncationtl course; 
or as an introduction to a systematic plan of reading. 

From Trpf. 12. P. Dunn^ Srowit University fAptW JS, 1852. 
I had already determined to adopt it as the principal book of reference in my deparl- 
meut. This is the first term iu which it has been nxed here ; but from the trial which I 
have now made of it, I have every reason to congratulate myself on my seleciion of it 
as a text-book. 

From the Rev. W. G. T. Shedd^ Pr^essor of Snglish Literature in the University qf Vt, 
I take great pleasure in sojring tbtt it supplies a want thu^ has long existed of a brief 
history of English literature, written in the right method and spirit, to serve as an intro- 
duction to the critical study of it. I shall recommend the book to my classes. 

From James Shannon, President qf Baeon CoUege, Ky. 
I have read about one-half of " Shaw's Outlines," and 90 far I am more than pleased 
with the work. I concur with you fully in the opinion that it supplies a want long felt 
in our higher educational institutes of a criiicat history of English Jiteraiure, occupying 
a reaaoaable space, and written in a manner to interest and attach the attention oi the 
student. I sincerely desire that it may obtain, as il deserves, an extensive circulation. 



HARDBOOK OF nOBERIff EUROPEAN UTERATURE. 

British, Danish, Dutch, French, German, Hungarian, Italian, Polish and Ros- 
sian, Portuguese, Spanish, and Swedish. With a full Biographical and 
Ohronologiciil Index. By Mrs. Foster. In one large royal l2iAo. volume, 
ext#a cloth. Uniform with « thaw's Oatlines of English Literatave.?' 



20 BLAKCHARD & IAEA'S PUBLICATI0If9.--(Pm^Vki/ Warks.) 
YOUATT AND SKINNER ON THE HO RUE. 

TH€ HORSE. 

BY WILLIAM YOUATT. 

TOOETHBB WITH A OEKEHAL BlSTOKT OT THX ROBSC ; A DOnRTATIOir OK TRE 

AMSmiCAN TBOTTIFa H«BSB ; HOtRT VKAIVSD AVO JOCKEYED { AK ACCOUNT 

OS JUf BEMAaXAHUE PXBrOUIAllCES ; AVDANEnAT ON THE 

AH AND THE MULE. 

BY J. S. SKINN£&, 
AMiftuit Po«taiftiterw6«iieral, and Editor of tto Turf Begurter. 

Thia adicioa of Yooatt't well-knowa and itandaid work on the Management, Dia- 
eaaes, and Treatment of the Horse, embodying the valuable additions of Mr. Skinner, has 
lias advaady obtained •nch a wide cireniaiioa thceagliout the counirvi that the Publish- 
ara need iay nolhina to attract to it the attention and coondeuce of all who keep Horses 
or aie ialereaied in ineir improvement 



1IOTB8 aV 8H0OTINQ-; OB, HINTS TO 8P0BT8MEN. 
ChMnprialBg the Habita of the Game Birde and Wild Fowl of North America; the Dog, 
the Gan,the Field, and the Kitchen. By E. J. Lewis, M. D., editor of <^ Vouatt on the 
Pog,** Ite. In one handsome volume, royal 12mo., extra cloth; with illustrations. 



YOUATT 'AND LEWId ON THE OOG. 

THE BOO. By William Yoaatl. Indited by E. J. liCwia, M. D. With nameroas and 
beantifiil illostrations. In one very handsome volume) crown '9vo.,enmMn oloth, gilt. 



THE PIG; a Treatise on the Breed, Management, Feeding, and Medical Treatment of 
Swine. By William Youatt, V. S. In one 12mo. volume, extra cloth, or in neat paper 
covers, price 50 cenu 

BVERY MAN HIS OWN CATTLE DOCTOR. By Francis Clater and William 
Youatt. Revised by J. S. Skinner. 1 vol. 12mo. 

8YBRY. MAN HIS OWN FARRIER. By Frttioia and John Clater. Revised by J. 
8. Skinner. In one vol. 12nio. 



THE QARDENER'S OI.GTIQNAAY. 

A BFCTIONAKY OP MODERN GARDENING. ByO. W. Johnaon,BBq! Withnu- 
roerous additions, by David Landreth. With one 'handred and eighty wood>eaiB. 
In one very large royal 19mo. volume, ofaboaitieOdofiUeHioliaimed pages. 

This work is now offered at a very low price. 



AOTON'8 OOOKEAY. 

MODERN COOKERY IN ALL ITS BRANCHES, reduced to a System of Easv Prac- 
tice, for the Use of Private Families ; in a Series of Practical Receipts, all of which 
are given with the most minute ezacuiess. Bv Eliza Acton. With numerous wood- 
cul illttstrations ; to which is added a Table or Weights and Measures. The whole 
revised, and prepared for American housekeepers, by Mrs. Sarah J. Hale. From the 
Second London Edition. In one large 12mo. volume. 

MODratN FRENCH COOKERY. By Charles E. Franoatelli. In one large octavo 
irolame, extra eloih, with nomevaiM Uluatrationa. 

THE SUGAR PLANTER'S MANUAL. By W. J. Evans. In one neat octavo vol- 
ume of 268 pages, with cuts and plates. 

THEI DOMESTIC MANAGEMENT OP THE SICK-ROOM, necetfaary, In aM of 
medical treatment for the cure of diseases. By A. T.Thomson,' M.'D. Edited by R. E. 
- Griffiih* M.D. In one volameioyal IShno., «xica c^tb. 



BLANCH ARD k LEA also pablish numeroiia valuable Medi- 
cal works^ Catalogues of which may beihadiOQ.ftppUoaUoa. 



